


Institutional Archive of the Naval Postgraduate School 





Calhoun: The NPS Institutional Archive 


DSpace Repository 


Theses and Dissertations 


1977 


l. Thesis and Dissertation Collection, all items 


A state-of-the-art assessment of air data 
sensors for naval aircraft. 


Neil, Robert Dale 


Monterey, California. Naval Postgraduate School 


http://hdl.handle.net/10945/18289 


Downloaded from NPS Archive: Calhoun 


DUDLEY 
KNOX 
LIBRARY 





http://www.nps.edu/library 


Calhoun is the Naval Postgraduate School's public access digital repository for 

research materials and institutional publications created by the NPS community. 

Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 
appointed — and published — scholarty author. 


Dudley Knox Library / Naval Postgraduate School 
411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 


A STATE-OF-THE-ART ASSESSMENT OF 
AIR DATA SENSORS FOR NAVAL AIRCRAFT 


Robert Dale Neil 

















NAVAL POSTGRADUATE SCHOOL 


Monterey, California 





THESIS 


A STATE-OF-THE-ART ASSESSMENT OF AIR DATA SENSORS 


FOR NAVAL AIRCRAFT 


by 


Robert Dale Neil 
September 1977 
Thesis Advisor: D. M. Layton 


Approved for public release; distribution unlimited. 


1 
(ХЭ 

2 
ОТ 
[N 
NI 








Unclassified 
SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered) 


REPORT DOCUMENTATION PAGE 


. REPORT NUMBER 


4. TITL E (and Subtitia) 


A STATE-OF-THE-ART ASSESSMENT OF AIR DATA 
. SENSORS FOR NAVAL AIRCRAFT 







READ INSTRUCT!ONS 
BEFORE COMPLETING FORM 


2. GOVT ACCESSION NOJ 3. RECIPIENT'S CATALOG NUMBER 








8. TYPE OF REPORT & PERIOD COVERED 
Master's Thesis; 


September 1977 


6. PERFORMING ORG. REPORT NUMBER 


AUTMOR(8) 8. CONTRACT OR GRANT NUMBER(e) 













Robert Dale Neil 


PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT, PROJECT, TASK 


Naval Postgraduate School 
Monterey, California 93940 


AREA & WORK UNIT NUMBERS 


CONTROLLING OFFICE NAME AND ADORESS 12. REPORT DATE 
Naval Postgraduate School September 1977 


ML sates 


MONITORING AGENCY NAME 4 ADORESS(I! different irom Controlling Offica) | 15. SECURITY CLASS. (ol (ів report) 









Unclassified 





Naval Postgraduate School 
Monterey, California 93940 






$e. DECLASSIFICATION/ DOWNGRADING 
SCHEDULE 


DISTRIBUTION STATEMENT (of thie Report) 


Approved for public release; distribution unlimited 


DISTRIBUTION STATEMENT (ol the ebetrect entered in Biock 20, if different from Report) 


SUPPLEMENTARY NOTES 


KEY WORDS (Continua on reversa aida if nacaaaary and identify by biock number) 





ABSTRACT (Continue on raverea sida lí necessary and identity by biock number) 
A review of current air data measurement techniques in Naval 
aircraft was conducted. Future requirements were identified for three 
classes of aircraft: conventional, fly-by-wire, and V/STOL. A survey 

of state-of-the-art air data sensors was performed based on informa- 
tion obtained from current literature, correspondence, and personal 
interviews with major government contractors, government agencies, and 









private companies. The major areas covered include pressure, airspeed, 





DD 15205, 1473  EniTiON OF 1 NOV 65 15 OBSOLETE 


S/N e o 0 — y — > 
(Page 1) нь г. SECURITY CLASSIFICATION OF THIS PAGE (When Deta Entered) 


Unclassified 





Unclassified 


Р nn —_ „ш „ш | 
S.ceumrv CLASSIFICATION OF THIS PAGE(When Гога Entered: 





fiber optics, laser gyros, temperature, and fuel quantity. The basic 
operation of each system considered was presented and recommendations 
given based on its present stage of development and potential. 


DD | Кас In 1473 Unclassified 
i они 
SEN 0102-014-6601 SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered) 





Approved for public release; distribution unlimited. 


o EROTS THE FERT А ОБВЪБНЕНТ ОББ АТЕ DATA SENSORS FOR 
NAYAL AIRCRAFT 


by 


| Robert Dale Neil 
Lieutenant, United States Navy Res 
bos. Nama University, 1970 


Sion tested in partial fulfilment of the 
requirements for the degree of 


IIED: SCIEN S IN AERONAUTICAL ENGINEZRING 


from the 
NAVAL POSTGRADUATZ SCHOOL 


September 1977 





ABSTRACT 


A review Ог Current air data measurement 
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The last decade has ushered inan era of tremendous 
technological advances. The most significant advances have 
been in the following areas: electronics, propulsion, 
composite materials, lasers, aerodynamics, integrated 
ешь. =, digital computers, multiplexing, and fiber optics. 
The increased capabilities these advances afforded were 


attained at the expense of higher cost and complexity. 


Nowhere is this more evident than in the field ot 
aeronautical engineering, particularly in the military 
environment. 


Skyrocketing costs have made it readily apparent that 
today's engineers must be equally zealous in (а) reducing 
Mee cycle costs, (D gaining enhanced performance, (с) 
decreasing pilot workload, (3) increasing аттеста це 
availability, (e) inproving оу мера а сме reducing 
vulnerability. The achievement of these goals requires full 
utilization of the enhanced computer capabilities thrcugh 


neg tatlon Of the multifarious aircraft functicns. 


Perhaps the most challenging design tasks result from 
the renewed emphasis on the development of V/STOL aircraft. 
The tremendously complex flow fields associated with thes 
aircraft, coupled with the low airspeeds accomtanying the 
Samercal trensition fron hovering to forward flight, render 
conventicnal pitot-static airspeed systems inadequat=. 
Furthermore, if these aircraft are to attain their maximum 
potential, they must be equipped with extremely accurate 
airspeed systems which become critical if night or IFR 


Bez 2 1ons are to be performed from "Sea Control Ships." 
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mE ccu control configured vehicle) aircraft which 
recently became operational employ complex control systems. 
These systems require accurate measurement of displacements, 
velocities, and accelerations in six-dimensional spac> 
(motion of the aircraft center of gravity (cg) along the 
amene path; pitch roll, and yaw about the са). Control 
surfaces are not always deflected symmetrically, and 
therefore these deflections must be monitored. Advanced 
engine technology on supersonic aircraft makes use of 
variable throat heights, variable bypass ratios, and 
variable compressor bleeds plus variable flow rates in both 
main and afterburner sections of the power plant. А11 these 
variables must be carefully orchestrated to obtain a stable, 


eent propulsion system. 


Energy shortages and increasing prices provide the 
inpetus for improved fuel management. Optina alo de 
мову provides the best way of utilizing aircraft fuasl 
through schedules which are functions of altitude and mach 
number. Inplementation of these Schedules regu 
extensive onboard measurement and control of numerous endine 


parameters. 


The need for reliable, accurate navigation data is 
Pecormngquscrucial, both in military and commercial aircraft. 
With the available airspace becoming more and more 
congested, extremely accurate navigation information is 
necessary if adequate separation is to be maintained. In 
the military environment, the increased capability cf enemy 
catas tens requires our strike aircraft to fly "on the 
deck" over hostile territory for long periods of time and 
Gu Eq oot distances. These aircraft must be capable of 
accomplishing these missions under all possible weather 
conditions. This "all-weather",  low-altitude requirement 


constitutes the ultimate test for a navigational system. 


ШИ 





Having successfully eluded enemy defenses, the aircraft 
must still deliver its weapon on target with minimum risk to 
the crew. An advanced system that would enable the pilot to 
perform evasive maneuvers while delivering the weapon would 
greatly increase the chance of survival. This can be done 
only with a system that has the necessary sensors and the 
sophisticated computer capability to compute the delivery 


Solution. 


With aircraft inventories shrinking due to budget cuts, 
accidental loss, and end of service life, any time lost to 
unscheduled maintenance is significant. In an effort to 
hold this down time to a minimum, the Navy is placing more 
emphasis on improving aircraft availability. One way to 
uros this Situation is to incorporate а system that 
continually checks for imminent failure of aircraft 


components. 


Many such monitoring systems are in use today, but in 
many cases they are subject to false indications. These 


False alarms cause anxiety in the pilot and possibly а 


mission abort Jf U De ыаспапа concerns fire,  Low-oil 
pressure, or some other emergency requiring immediate 
action. Reliable sensors are the heart of any warning 


system, and improvements are necessary in this area. 


The need for accurate, inexpensive, and reliable sensors 
permeates every facet of aviation. The areas mentioned 
above were designed to give the reader an appreciation for 
the scope cf the problem and the part sensors play іп the 


solution. 


This Paper is the result of research done to support 
МАУДІВЗУЗСОМ  АІВТАЗК АОЗАЗ6БОА/1868/7Р54-582-000. The major 
objectives of this study are to compile data on current Navy 


КООШ ЛТ К sensor configurations by aircraft types (1.2. 


12 





Моше ASW, Attack) and extrapolate requirements to the 
MERO. decades of the 20th Century utilizing availabie 
technology and new concepts. Specifically, the study seeks 


Po: / 


1) Project operational requirements for aircraft sensors to 
the last two decades of the 20th Century. 


2) Examine state-oft-the-art sensors and sensor systems that 
ate not being employed on current aircraft, and make 
recommendations concerning the utilization of these devices 


and systems to meet future requirements. 


jj Investigate promising new aircraft sensor concepts and 
evaluate the feasibility/practicality of their use on Naval 


тога. 


4) Evaluate the feasibility of establishing a Built-In-Test 
capability fcr each sensor/sensor system compatible with 


current and proposed Air Data Systems. 


5) Search for inherently digital transducers that are 


Compatible with current and proposed Air Data Systems. 


А two-part program to accomplish these goals was 
undertaken. First, a search for pertinent informaticn was 
ta ted in current literature, ‚including  »eriodicals , 
journals, and papers presented at various synposiuas and 
conferences. Data concerning potentially viable concepts 
discovered in this search were expanded through 
correspondence or personal interviews with the authors. 
Second, major government contractors, government agencies, 
and private companies were contacted for technical data 


Беше скапа present and future sensor/sensor systems. тһе 


i3 








reccmmendations and conclusions presented in this paper are 


based on the results of the program described above. 
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Be SERTGHTER 


+ 


~ 


High performance fighter aircraft require air data 
ще 


вопесоо є,» ргорцієїоп, COC KDLL indicators/3isplays and 


a 
parameters for use by most major subsystems such as flic 


weapons delivery. Advanced fidh er aircraft, suck as the 
F-14, utilize a dedicated subsystem approach, in which the 


air data hardware is dedicated to one or more major systems. 


The F-14 Tomcat requires air data parameters in several 
airírame and avionics subsystems to satisfactorily meet 
mission requirements. Displayed parameters used throughout 
the flight regime consist of angle of attack, rate cf 
Cclimb/dive, altitude, and Mach/airspeed. Other parameters 
such as altitude rate and angle of attack error are utilized 
during the approach phase. Pilot workload is reduced 
КОШТОШО Altitude-Hold and Mach-Hold which require altitude 
and Mach error signals respectively. па а ја блог чесно 
derivatives СЕ these signals may also be required for 


stabilization of these modes. 


When variable geometry systems such as wing sweep and 
Maneuvering flap/slat/glove are used, as in the F-14, they 
require Mach  ,altitude, and angle of attack as parameters. 
Optimum air flow is also achieved by providing the correct 


alí weight f£flcwas a function of Mach and angle of attack. 


Thea inherently unstable loop of an inertial Navigation 





system requires barometric altitude аз a correcticn for 
accelerometer bias errors, velocity errors, and position 
errors. Backup navigation is achieved by resolvinq true 
airspeed into North/South and East/West velocities and than 
integrating to obtain distance. Air to air and air to 
ground weapons systems require angle of attack, altitude, 


altitude rate, Mach, and true airspeed. 


To accomplish the aoove requirements, current Naval 
aircraft utilize a design approach incorporating features 


ame constraints to: 


(1) Provide a Fail Safe Design 
(2) Have Separate Hardware for Survivability 
p um'onumn:ze Pilot Workload 


(4) Provide a High Degree of Maintainability 


and Built-In-Test 


(provide High Reliability. 


The F-14 uses a dedicated subsystem design to implement 


these goals. 


ЕН Air Inlet Control System (AICS) fail safe 
design was achieved by providing two identical dedicated 
subsystems which were completely independent of each other. 
uL com and configuration of the F-14 probes are shown 
Sigh qu. Fach pitot-static probe contains a single pitot 


tute with two sets of independent static ports. 
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The probe and pneumatic system interconnects schematically 
shown in Fig. 2 provide independently sensed pitot-stati 

ВЕЕТ to each air inlet total and static pressure 
sensor. Independent left and right side Delta-P probes and 
associated sensors are provided for each control system. 
Fig. 2 shows two completely independent dedicated AICS 


programmers, and associated electrohydraulic actuators. 


The probability of survival for flight critical svstems 
is maximized by providing separate hardware which are 
remotely located from each other. Тое F-14 engine air inlet 
control system accomplishes this by providing two completely 
independent AICS . The dual set of pneumatic probes, 
programmers and electrohydraulic actuators, (see Fig. 3), 


for each system are also remotely located from each other. 


А subsystem incorporated into the F-14 to minimize pilot 
wcrkload is the High Angle of Attack System which provides 
Beterence Signals for the flight control system and 
Flap/Slat/Glove Vane System (Fig. 4). For small angles of 
attack, roll command is achieved ру commanding differential 
tail movement. As the angle of attack increases, lateral 
stick inputs result in the phasing in of rudder movement 
while DhaSing out horizontal tail movement. At angles of 
Ber ek arsater than 20%, the roll comands result іп а 
maximum rudder пос ТОО | нап сог веропа па 


Петрос tall position of 2°. 


The Flap/Slat/Glove Vane System features completely 
Ao mareo control with pilot overide capability. Automatic 
extend and retract signals are based on angle of attack and 
Mach number. Included in the system is a position limiter 
си е а function of Mach and altitude. The Wing Swes 
Svsten, Fig.5, is a dual channel system with four modes of 
Operation. En the auto mode the wing positior is 


automatically programmed between 20° and 68°. 
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EMERGENCY HANDLE 





mM 
Jia 





iets ипавъзгеар е to Configure major systems in a 
Manner where a Single failure will propagate to multiple 
systems, and result in increased pilot workload. In the 
F-14, the primary channel of the Wing Sweep System is 
independent cf other major subsystems, such as the AICS. 


Consequently, subsystem failures are self contained. 


The F-14 subsystems contain a considerable amount of 
bus 1n=test and in-flight failure monitoring to achieve а 
highly maintainable system. Fig. 6 is a schematic drawing 
of the failure monitoring for the Winq Sweep System. 
‘ 
Primary channel checks consist of comparing a calculated 


impact БЕ ориг vs from the total pressure and static 
pressure transäucers with an independent о, obtaired fron 
the а Same Іп аййшатоп, 4зазта! processor anc опооше 
command self-tests are performed within the Control Air Data 


Computer, (CADC). Further, position feedbacks from the wind 
sweep actuator and hydraulic motors are compared bv the CADC 
to the command. Backup channel commands and feedback signa 


comparisons are also performed in a similar manner. 


Whenever a system failure is detected, the pilot 15 


ШО г са via a caution/advisory panel. In addition, th 


(D 


failed parameter is determined from the Tactical Information 
Е oy the- Naval Flight Officer or ground maintenance 


personnel. 
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It is readily apparent that a highly sophisticated 
fighter alrcraft depends heavily on its sensors to 
accurately measure pressure, angle OL attack, total 
temperature; position, flow rate, and failures through 


Exu-on-test and in-flight failure monitoring. 


PRATS DATA SYSTEMS 


This subject 15 technically outside the realm of 
aircraft sensors, and therefore will only be covered 
Meaghtly. The sensor/air data system intecration is an 


important one and fundamentally impacts on the choice of 


EOnsors. 


Imre zeontroversy over the optimum System partitioning 
continues and neither the dedicated ADC or the central 
computer approach enjoys a significant advantage. The 
dedicated Air Data Computer is superior in performance, 
dynamic respcnse, and software, with the safety inherent in 
the dedicated system its strongest point. Vehicle wiring, 
weight, and program management are areaS of rough equality. 
Some engineers feel that the dedicated ADC seems +o have a 
Slight advantage, but as more central computer svstens 
evolve along with better techniques to implement them, the 


pendulum ray swing the other way. 


In the past, when central air data computers were 
mechanized exclusively in analog, electromechanical fashion, 
they were by their very nature totaliy dedicated to the air 
ИСЕ Орр cation. With the advent of digital technology ard 
its А Сатов во the air data function, increasing 
consideration has been given to incorporating at least the 


air data  ccmputational task into the vehicle central 
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processor. While many avionics computational functions have 
already undergone the centralization process, there has been 


resistence in the air data case due to the following: 


1.) Дао Часа neon Ес by their 
Ша сага critical whieh precludes 


neruse of a Single Central processor. 


ІП The solid-state digital "air data 
ЕЕ ПОП inter face, and output 
interface make the processor itself a 
relatively small percentage of the DADC 


hardware. 


a) Flight tested DADC algorithns and 
associated software are sufficiently 
stable to use PROM/ ROM memory 


techniques. 


The choice of a dedicated air data computer or a central 
processor with remote sensors rests on the parameters 
mentioned earlier, that is, performance, dynamic response, 


weight, vehicle wiring, and software/program management. 


Most digital air data pressure sensors currently in use 
reguire an analog-to-digital converter and a digiti! 
processor tc linearize the sensor. The sensor module 
usually contains a memory that stores the constants required 


о iS near ization. This pressure output is по 
in 


Си ct 


í 


corrected for temperature or pressure non-linearities, 
therefore must be routed to a digital processor, along with 
the temperature sensor output, in order to obtain a linear 
pressure signal. The dedicated air data computer combines 


this two-step procedure into a single dedicated air data 
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computer. Elimination of the pressure assembly processor 
mures puffering of the uncorrected signals, additional 
wiring and shielding, plus some means of formatting the 


signals. This adds up to increased weight and volume. 


Regarding dynamic response, the maximum data "staleness" 
for the central processor approach could be es high as 7 
pues c that of the dedicated approach (see ref. 2). If the 
во атс System dynamics were included, the staleness 
times would increase. Obviously, priority of systems data 
processing is an important factor in the dynamic response of 


the air data system. 


The central computer approach seems to have an advantage 
in weight since presumably the sensors, without the analog 
circuitry, wculd weigh less. However, these signals must 
Still be processed somewhere, and even if the input/output 
unit of the central computer is a versitale one, unique 
signals such as altitude reporting would still be required. 
Thus the argument that the central computer offers the least 


weight is deratable. 


The amount of wiring to and from an air data computer is 
a function of systems requirements and the number of systems 
Dina air data. The B-1 CADC, for example, has 54 qc analog 
КООШ = 80 of which interface with the Automatic Flight 
nol System. Sinca each output requires 2 wires, this is 
a total of 108 wires for the analog output alone. The 
tradeoff on vehicle wiring between the central computer 
versus the dedicated air data computer is meaningless if the 
systems still have a heavy analog interface such as the 
Paes. “cre information would be required such as location 


of system units to determine wire run lengths. 


The software management of the dedicated 


computer is relatively simple since the air data аса о 
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are well known and do not change. The only corrsction 
Ша е 15 Lor pitot-static position error, and if  PROMs or 
ROMS are used, it is easy to program new memories +o correct 
Ber the pitot-static system error. 


ЕСПЕ central computer concept, the memory is a 
volatile one, and the program must be managed in such a way 
that the program is modular. If this is not done, a change 
memecOrrect for pitot-static error involves large costs and a 


total software change. 


Another software problem is the apportionment DF 
available processor time during critical work periods. 
Certain parameters must be updated frequently іп order to 
maintain safe operation. The software manager nust 
determine which systens can live with fewer updates during 
ESO critical time and still function effectively. Timing 


Dargens «ill be critical. 


The program management aspect of the two approaches 
Mia mes to the fact that more responsibility for total 
ystem performance is assumed by tn2 system supplier in the 
case of the Central Processor approach. For the dedicated 
data approach, the responsibility for the nulti-systan 
interface problem rests with the air data computer supplier. 
From a monetary standpoint, it is generally conceded that 
the central computer approach allows for better control of 


нае. 
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The requirements for new aircraft sensors can be brokan 
down into three unique classes by aircrait type: 
NN tre, conventional, and V/STOL. Even though the Al 


ct 


із 
D H 


Force will have an operational fly-bv-wire aircraft by 1 


ct i» 
рати 
(D 


1978, the Navy may not have one for some time. Thus 
sensor/air data system requirements arising from this 
concept can correctly be classified as a future requirement. 
Conventicnal aircraft requirements stem from the increased 
emphasis on gust alleviation, multi-mode controls, Automatic 
Carrier Landing Systems, etc. Perhaps the most challenging 
requirements for reliable air data emanate from the: combined 
effects cf slow speed and the complex turbulent flow fields 


Asoc ma ted with V/STOL aircraft. 


ПРИ EI = EI-WIRE 


Fly-ty-wire aircraft pose a unique problem in redundancy 
and cost effective application of air data equipment since 
Босе aircraft feature full electronic control link with no 
mechanical backup. This radical departure fo the 
traditional "emergency backup" systems requires a reliable 
plecesmoute system that is fail operational or at worst “all 
safe. Thus the major challenge is to provide sufficient 
Pedundancy and operational monitoring so that a failure іп 
an air data channel does not result in the loss cf the 


aircraft cr serious degradation cf operational capability. 


The air data system provides the link between the 
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sensing of the aircraft environment and operation of the 
flight control surfaces to achieve dynamic stability. The 
flight contrcl computer must be given the critical gain 
Schedules as a function of altitude, airspeed, Mach number, 
angle of attack, and sideslip. In addition, the air data 
system provides the necessary scheduling for the leading 
edge, trailing edge, and maneuver flap positioning for 


optimum aircraft maneuverability. 


The critical nature of these jobs requires redundancy to 
insure safe operation, but the question is to what degree . 
Given a redundant svstem, the designer must devise a method 
o£ rapidly assessing the operational status of theo sjstem. 
Furthermore, he must weigh redundancy against cost and 


operational requirements. 


Three systems are practical with todays! highly 
reliable, stable, accurate, solid-state  sensors(Ref. 3). 


They are, 


ee) Öne. air data channel vith 


замова performance monitors, Pig- 


7. 
(2.) Dual air data computers; 
Brass. 


(3.9 yr ply redundant data 


computers, Fig. 9. 


Redundancy considerations affect the pitot 
static system, air data system, monitoring equipment, апа 


flight contrcl computer and actuators. 


Ideally , the redundant air data system should employ 
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pneumatically and physically isolated, redundant 
pitot-static systems. With the advent of "digital" prsssure 
Eemsors, 15 should be possible to obtain a digital signal 
right at the sensor module thereby minimizing tubing runs 
which create havoc with lags and maintenance problems. A 
Minimum of two sets of isolated pitot-static systems are 
required. Systems employing three sets of sensors face the 
problen of finding acceptable probe locations on the 


airframe plus increased maintenance costs. 


The use of multiple pitot-static systems introduces the 
паеш сі different static source corrections which 
increases monitor trip levels. Judicial selection of probe 
locations and compensation in the design of the probes can 


reduce these problens. 


The single air data computer with transducer monitoring 
offers the simplest form of fail safe system. Even though 
the computer can be self-monitored to approximately 98% оу 
built-in-test, an undetected failure cannot be tolerated. А 


typical scheme for a fail safe system is shown in Fig. 7. 
AE 


The time delay on the comparator output is designed to 
minimize nuisance trips. 

An air data system with two computers is fail 
operational in some modes and fail safe in all nodes. This 


Me о: system is shcwn in Fig.8. A single failure of the 
Bressure transducer, monitor, power supply, or input 
Баса есу would result in а fail operational поје of 
operation, while a single failure of the output device would 
Nec operational since the failed computer flight control 
system would be shut down. ди те оштри та копа оре = 

failure could be fail saf2 or fail operational depending on 


Se actual failure. 


High performance aircraft require the detection of a 
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cross channel miscompare and resultant shutdown in about 50 
miliseconds (Ref. 3.). With the current trend toward 
digital air data computers, this will place an added 
restraint on data staleness between computers which 
necessitates some method of synchronization. The direct 
result is increased complexity and cost, with a possible 


decrease in reliability. 


The typical triply redundant system shown in Fig. 9 has 
en added advantage of being fail operational for a single 
Кош ште О any air data channel. This greatly enhances the 
mission success probability, but has been avoided due to 
high cost and increased weight. These disadvantages have 
been largely overcome with the new generation of small , low 
не pressure transducers. Current aircraft are also using 
backup air data transducers which provide only those 


ea cutputs required by the flight control system. 


The redundancy necessary in the fly-by-wire aircraft 
extends to the sensors as well as the air data computers. 
This means nultiple Ham data probes, transducers, 
accellerometers, etc. A research study for fiqhter/attack 
aircraft for the late 1980's has indicated the need fcr an 
integrated sensory subsystem which will increase operational 
readiness and reduce cost of ownership. The Integrated 
Sensor System (ISS) is illustrated іп Кіа. 10. Redundant 
sensor data and system feedback signals are linked to two or 
шаве аа ар control computers via a reliable and survivable 
mode transfer. The computers will perfora failure 
detection, isolation and signal selection of the sensor data 
for calculation of control system output commands. Backup 
air data and navigational parameters are previded for other 


using subsystems. 


The complete ISS system shown in Fig. 11 is being 


developei by GAC for NADC under the Advanced Skewed Sensor 
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Electronic Triad (ASSET) Contract. The advantages inherent 


to this design are: 


(a) The fail operational requirement for single and 
multiple failures is achieved with minimun 
hardware. 

шап аст себе із optimized in that no additional 
hardware is required for failure monitoring. 

(c) Automatic hardware reconfiguration can take place 
to meet Mission requirements without increasing 
poor workload. 

(4) Reduced pneumatic tubing runs eliminate pneumatic 
System lags as well as enhancing the aircraft 
featntatnability and survivability. 

(е) A common interface is obtained for use with other 
subsystems. 

(гу Cost or ownership is considerably lower than a 
dedicated system due to the use of common hardware 


ні тарта fault isolation. 


БЕ CONVENTICNAL 


The developments in conventional aircraft design in the 
past 20 years have been incredible. Computational analysis 
is playing an ever expanding role in an effort to cut down 
т, time consuming wind tunnel and full scale 
testing. These new techniques have given the aerodynamicist 
a Letter insight into the realm of dynamic loads which has 
led to increased use of flexibie wings. Modern aircraft 
such as the B-1 encounter formidible defenses that require 
шана or long periods at low altitudes and high speeds. 
This combination of flexible aircraft components and low 


level high speed E MD exposes these aircra?-* to 
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perentially catastrophic gust loads. In addition, rising 
costs are reducing aircraft procurement and the aircraft in 
pue in ventory must serve out their full service life (ог 
longer) if we are to maintain an effective combat force. 
mewanecs in flight control technology have led to the 
EmErgence of a new aircraft design concept, the Control 
Configured Vehicle (CCV). Two CCV concepts which show 
particular promise F or fighter aircraft performance 
improvements are Maneuver Load Control (MLC) and Ве1ахеа 
Ес Stability (RSS). 


The [asic performance improvement objectives to be 
achieved through the use of MLC and RSS are not the same for 
oncer aircraft as they are for bomber/transport aircraft. 
The objective for bember/transport aircraft is to improve 
cruise efficiencv as measured by such performance parameters 
as range and payload. POL. Pigheerrairerate, the designa 
Objective is to improve maneuvering performance as measured 
by such performance parameters as specific excess power (P,) 
АИИС Е оит load factor. While the RSS design concepts аге 
essentially the same for both fighter and bomber/transport 


биста ре” МЕС design concepts are quite different. 


A MLC system 1s one which employs control surfaces and 
Maneuvering devices automatically positioned by an active 
Meedeack control system to redistribute the loading on a 
wing in maneuvering flight. For the large bomber or 
transport vehicle, the aircraft is designed so that at ons g 
flight the wing lift distribution associated with minimum 
drag is obtained. This type of aircraft is almost always at 
one g flight so there is no particular reason to minimize 
drag during maneuvering flight. Pher form d,c с Зов на 
pcmber/transport is us2d to reduce the wing root bending 
moments during maneuvering flight and thereby alleviating 
structural fatigue of the wings. This reduction in wind 


TOOR bending is obtained by shifting the wing iif: 
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distribution inboard through the proper deflection of 
асе упа edge flaps and possibly other wing control surfaces 


such as outboard spoilers. 


ieeecomerast, the fighter aircraft must maintain an 
ЕОс 9119 lift distribution in maneuvering flight. 
Therefore, a fighter MLC system employs aerodymanic devices 
such as leading edge slats for redistributing the wing load 
in maneuvers in order to achieve benefits in maneuvering 


performance through drag reduction and delayed buffet onset. 


For a conventionally designed aircraft, static stability 
and acceptable handling characteristics must be obtained 
through aerodynamic design and judicious location of the 
c.g. In maneuvering subsonic flight and in supersonic 
BE ОПТ this usually results in significant tail down loads 
to provide the required moment balance for the aircraft. 
However, if a high authority feedback control system is us»d 
БОЛЕРО artificial stability then the unaugmented 
пишеш loncitudinal static stability сап be relaxed. 
Гата the aircraft's static stability by shifting the 
C us aft results in a significant reduction in down loads 
or even an up-loaded tail. Тһе wing loads are now reduced 
since the tail loads are aiding instead of opposing the 
шацца lift, SO the aircraft's drag is reduced and its 
Maneuvering capability is enhanced. Pelaxing longitudinal 
Sue stability with horizontal canards can also be used to 
provide similar drag reductions. The lift from the canards 
is ahead of the c.g., so if properly designed an up-loaded 
kali will also result. Вена “Те "оға af: ana. using 
horizontal canards are RSS concepts since they tend to make 


the aircraft statically unstable. 


a research program conducted ‘from 1971 to 1973 by 
шаропие + Douglas Aircraft Company for the Air Torce Flicht 
Dynamics Lab explored the compatibility of “MLC and 355 





ed to military aircraft (Ref. 7). The study sol ht то 
determine whether desireable handling qualities and adequate 
stability margins could be attained when MLC and RSS were 
ши-войисей со an F-UE aircraft with a fly-by-wire control 
systen. Five MLC devices were used in the analytical 
areodynamic performance studies: 

(1) Operable canards 

(2) Leading edge slats 

(3) Leading edge flaps 

(4) Trailing edge flaps 

(5) Flaperons (drooped ailerons) 
All possible combinations of these МІС devices were 
considered in the configuration selection phase of this 
Pogram: Canards moved the control-fixed neutral point 
forward as much as 13.5% mean aerodynamic chord (MAC) 


subsonically and 9.5% supersonically. 


The aerodynamic and control system analytical studies 
established that Significant maneuvering performance 
improvements are attainable for the F-4 fighter aircraft 
through the application of MLC and RSS aircraft design 
eoncepts. It has also been shown that MLC and &SS are 
compatible design concepts in the sense that performance 
benefits attairable through the use of both MLC and RSS are 
greater han can be attained through the use of MLC or RSS 


наз vidually. 


Gust load alleviation is a term given to a system that 
senses lcads on various aircraft components and actuates the 
controls in such a manner to reduce the magnitude of tne 


ие пса? load factor. 


Милан (== done by NASA Langley Research Center (ef. 
applied Stochastic control theory to the gust alleviation 
Peoumeme ror a STOL aircraft . Elevator and flaps were used 


m9 reduce the root-mean-square value or the normal 
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accelerations associated with the aircraft response to 
gusts. The results showed that normal acceleration could be 
reduced by 92 percent when the intensity of the measurement 
noise hada very low value. However, the filter gains were 
large and large control deflections were required. Normal 
acceleration was reduced by 63.2 percent for moderate gain 


values. 


The advantages of in flight engine monitoring are well 
known. Great progress has been made in this field in the 
last few years, and the benefits from new sensors should 
make it possible to equip all Naval aircraft with these 
systems. Advanced sensors and a digital computer/control 
System provide more accurate and stable control resulting in 
extended engine life, greater fuel economy, and reduced 


maintenance costs. 


The Air Force Systems Command, Wright-Patterson AFB, 
(то ачагага Boeing a contract for a research and 
development program to evaluate the benefits of inflight 
engine monitoring. The Integrated Propulsion Control System 
(IPCS) program employed digital guartz pressure sensors and 
=] electronic control system on one set of 
hydromechanical engine and inlet controls on an 7-111 
Aaa The system schematic is shown їп Fig. 12 (Ref. 
10]. The contract was awarded in March 1973 and the flicht 
test phase was completed in March 1976. The conclusions 


re that more precise control of a propulsion system is 


£ 
(D 


esireable and possible, but depends on the availability of 


recisa measurements made with accurate, reliable, 


о б, 


ccmpatible sensors. 
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С. WYSTOL 


V/STCL aircraft such as the x-22, AV-8A, AV-88, XFV-12A1, 
and VAK-191 all operate in the slow speed regime, and all 
mena to have poor directional stability accompanied by a 
peugdency tO roll with sideslip in slow speed flight. In 
addition, they have turbulent flow fields , serious ground 
effect problems  (suckdown and ground erosion), power loss 
due to hot gas re-ingestion sroblens, and poor vertical 
response characteristics. The single most demanding sensor 
requirement generated by these aircraft is for an accurate, 
reliable, omnidirectional airspeed system which functions 


throughout the hover and transition regions. 


The present pitot-static systems may lag the actual 
airspeed ty 15-30 knots or more (Ref. 5). In addition, 
present systems are unidirectional and consequently cannot 
tolerate significant sideslip angles. Current airspeed 
systems give no indication of lateral velocity which makes 
hover control impossible without visual cues. Since the 
astronomícal rise in cost of conventional carriers has 
forced tbe Navy to shift its emphasis toward the development 
Of sea Control Ships" with V/STOL aircraft, these visual 
cues will larcely be absent. Thus, the need exists for an 
airspeed system that displays lateral as well as 
longitudinal velocity. Candidate systems will be discussed 


пером мого =-1 through B-6. 


While Automatic Carrier Landing Systems are approaching 

а high “level ot sophistication for conventional aircraft, 
Jio Бе said for V/STOL aircraft. All weather 
= these aircraft from small platforms will make 


О 


the sane ca 
operation 
~ 


such a system a necessity. A velocity command system was 
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demonstrated by the U.S Navy Hovering Vehicle Versatile 
Automatic Control (HOVVAC) Program, but much work renains to 


be done in this area. 


45 


mE mM E 


d 
А 
ае E d 


е 
u 





Ы SUMMARY 


The future Naval aircraft sensor requirements may be 
broken down into three categories by aircraft type: 


fly-by-wire, conventional, and V/STOL. 


ET BN 


The implementation ОЁ fly-by-wire technology has 
precipitated the requirement for redundant air data systens. 
The designer must consider the following ir choosing an air 


data system design: 


(1) Does the aircraft mission werrant fail operational 
or fall safe capability. 

(2) Based on the above, to what degree must the system 
pe redundant. 

Net are the cost/reliability tradeottís. 

(4) Given the necsssity for a triply redundant systen, 
are there three suitable sensor locations on the 
aircraft, or can the sensors be housed in a single 
tie lt. 

(5) For physically remote locations can the error 
correction, synchronization, staleness problems be 
overcome without seriously degrading system 

performance. 

(6) Do the cost/reliability tradeoffs warrant the use 


of an integrated sensor system design. 








те 1 
coupled w 


has resul 


Conventional 


Dereased use of flexible aircraft components 
ith sustained high speed flight at low altitudes 


ted in greater susceptibility tO structural 


failure/fatigue inducing gust loads. The desire to achieve 


меке crEicient aerodynamic control has led to the design of 


multi-mode 


controls. Thus «Бе requirements for Naval 


aircraft in this category are: 


(1) 


(2) 


(3) 


TRLS C 
the low 
and trans 


problems а 


(1) 


(2) 


Design and implement a gust load alleviation 
System. 

Continue to improve the efficiency of aerodynanic 
controls through multi-mode controls. 

Utilize advanced sensors and digital 
computer/control systems to provide inflight 


EN genegsmonitorsng for all Naval aircraft: 


V/STOL 


lass of aircraft presənts difficult problems in 
airspeed  fligh- region of takeoff/landing, hover, 
стоп: The requirements stemming fron these 


Le; 


An operational airspeed system capable of 

gawang accurate, reliable, longitudinal, and 
Haceral velocities from 0 to 200 knots must be 
developed and implemented. 

Operational requirements dictate that an Autcmatic 
Carrier Landing System be developed for 

IOL aircraft which functions througaout 


the hover and transition region. 


47 





ІЧ. CURRENT/PROSPECTIVE SENSORS 


= Sa ee ш —== f“ coe ee РАР З ср чаш” | зе стар SS < Q = =< 


КОО PRESSURE 


Several manufacturers offer digital quartz pressure 
meamsaucers (Pañascientitic, Garrett Electeonics, Setra, 
е*с.) which are particularly suited for air data 
applications for the following reasons: 

(1) The digital output is simple to process 
and characterize. 
(2) The uncompensated temperature coefficient 
is very low. 
(3  Coupensation makes the transducer insensitive 
to orier = о: асес=! ега оца апажу bration. 
(4) Pressure resolution of .003 percent full 
scale is possible. 
(5) Quartz crystals have low temperature 
Sensitivity, remarkable elastic properties, 
and long tera stability. 
On the surface, the properties listed above make the digital 
quartz pressure transducer extremely attractive. However, 
these transducers do have some drawbacks which ill be 
examined in regard to the sensor manufactured оу 


~ 


piuoscientific. 


ШИЕН звобстепеі іс сгалсапсегр , Fig. 13, employs a 


quartz-crystal oscillating beam whose resonant frequency 
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Figure 13 - PAROSCIENTITIC TRANSDUCER 


varies with applied loads. The mounting system shown in 
Fig.14 effectively  decouples the fixed-fixed beam frcm the 
Fo Ce producing structure. The resonant frequency of the 
vibrating beam is determined by its dimensions, composition, 
and stress lcad. The entire resonator is fabricated from 
one piece of quartz to minimize energy loss due to joints. 
mime beam 15 driven at its resonant frequency through 
piezoelectric excitation. The theoretical mean-time-before 
failure is over 100,000 hours (Ref. 9). Although the 
EHartz-crystal resonator can operate at normal ambient 
Meesstzes and temperatures, its performance is significantly 


improved in a vacuum. 


Зе ВО 


The torque balance or seesaw arrangement shown in 
Fig.15 was chosen to make the transducer insensitive to 
D cefteration or orientation in the earth's gravity field. 
This system does not work in operational applications other 


than for bench top measurements. 


The short term stability of the absolute pressure 
transducers appears to be quite good. The major factors in 
intermediate stability are environmental effects such as 
temperature. Long term stability is dependent on the agin 
of the quartz crystal resonator, stability of the absolute 
pressure reference, and mechanical relaxation effects. The 
eifects of temperature on two models, the 2200-A and the 
А, зге shown in Fig. 16. There are Sign me 
deviations for both models over the temperature range shown. 
This is not satisfactory performance. The overall accuracy 
appears eo be approximately 205 percent excluding 


temperature. 


The mathematical model which characterizes the 
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outputs of tre DIGIQUARTZ Pressure Transducers is: 


2 
t © 
Pressure= A/l/-— | - Ze 
( 5 8-7 
t =period cf output 
Ls =period output at zero pressure input 
МЕ -curve fit coefficients 
The transducers available require external signal 
conditioning which is accomplished through a micro-vrocessor 
Braprogrammable calculator, which makes the latter more 


Suitable for bench top applications. 


Te summarize, the digital quartz pressure transducer 

Ds ап attractive candidate for air data applications but 
requires further testing and refinement. The maior 
drawbacks are: 

(1) The force balance system employed does not 

perform well under an operational environment. 

(2) The temperature effects are unsatisfactory. 

(33 The sensor is not linear. 

(8) The Paroscientific sensor requires external 


signal conditioning. 
2. Yibrating Diaphran 


The Sperrv Vibratina Diaphram Pressure Transducer is 
sown in Erg, 17 (Ref. 11). The diaphram separates the 
vacuum reference chamber located just under the cover from 
the internal pressure chamber. A magnet is attached to the 
сш зг ОР mecrhe diaphram and 1S coupled with a driving coil. 
A dummy coil, having the same elecrtical character as the 
drive coil, is mounted in the base along with a temperature 
sensing resistor. The diaphram stiffens as it is deflected 
under pressure load and its resonance varies with this load 


and needs only to be excited to measure a pressure 
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E poOrtional to output. те та a between the 
mechanical resonance and the electronic drive is made 


electromechanically through the coil and magnet. 


Figure 18 illustrates the basic circuit elements of 
the senscr drive and data conversion scheme. The transducer 
is represented by the magnet and fragment of the diavhram at 
the left side of the figure. An electrically balanced 
Betages containing resistors, drive coil, and dummy coil 
inductors provides the driving energy and feedback signals 
required for the closed loop oscillator. At the mechanical 
resonant frequency, an equivalent resistance representing 
the diaphram is added to the lower right hand segment of the 
bridge. This added resistance drives the bridge out of 
balance providing a signal at the output corners of the 
bridge which is amplified and fed back to provide the 
Шелуіпа sianal. This signal has a very narrow band pass 
feeaguency due to the high Q of the diaphran. The left 
КОШ ОП ШО the circuit to the inpu- of the squaring 
amplifier is essentially an electromechanical oscillator 
with the resonant diaphram as the tuning element. In 
digital applications the frequency is divided down and used 
to agate a high resolution counter. This provides a coun 
БИРЕ proportional to the pressure applied to the diaphran. 
Temperature compensation and calibration is provided 
electrically at the output amplifier stage. The transducer 
can also te used for analog applications by converting 


Frequency o DC voltage. 


DISCUSSION 


тар іп the lower portion of Fijsure 18 25 а 


Бо Еле censor period vs pressure for the 32 inch (25 
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The manufacturer states that although the response 15 
non-linear with pressure (Fig. 18), the frequencv of the 
32in Hg sensor, which would be used for altimeter functions, 
is nearly linear with altitude. The sensor is temperature 
compensated, but improvements in accuracy could probably be 
achieved if the transducer and local circuitry are held at 
constant temperature. The manufacturer employs numerous 
Process controls and multiple screening to produce 
acceptable transducers. Thus the basic questions to be 
answered сспсега cost, resolution, and temperature 
compensation. These transducers are currently in use on the 
рьнозагпазе- 16. Operational results should be evaluated for 


the Navy's Chcice of a digital pressure transducer. 


рае о: сон 


The solid-state silicon pressure sensor manufactura 


by Honeywell Inc. marks a change in solid-state pressure 


Sensors. In the past they have been used only for absolute 
pressure measurements. Current technology allows the 
EN YCORh piezoresistive pressure sensor to be used 
differentially to provide more accurate pressure measurement 


of low airspeed, angle of attack, and sideslip. 


The solid-state silicon pressure transduc2r uses the 
Enwesobrordsc properties of silicon to transduce strain into 
measureable electrical Signal. з ше В ОЮП гап. 
peizoresistive strain gage elements possess the following 
Eesireable characteristics which make it very attractive for 
pressure sensing applications (Ref. 12): 

s À sensitivity that can be up to two orders 

of magnitude higher than a wire strain даае. 
s Infinite resolution of applied pressure to 
resistive variation. 


a Absence of measurable hysteresis-tyvoe зггог5 
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because of the near perfect elastici y SF th- 
silicon material. 

» Insensitivity to large acceleration loading 
due to its extremely low mass. 

s Mass procucibility at low cost using standard 


semi-conductor processing. 


ЕВЕ PIEZORZSSISTANCE THEORY 


Single-crystal silicon has a diamond cubic lattice 
ES 19) апа is both mechanically and el=sctrically 
Enwcotropic. eE: SUS that | the resistiva 
semiconductor element within the silicon crystal not only 
changes, but that the fractional resistance change is a 
function, relative to the crystal axes, of applied stress. 
ada clon, the mobility of the current carriers is a 
mune. 20On Cf the location of the piezoresistors with respect 
Ae crystal lattice structure of the silicon. Careful 
alignment of the resistive elenents at a location which is a 
specific distance from the constraint area of the diaphram 
(os I DpDortlion of Fig. 19) produces a maximum change and 


opposite sign in piezoresistance in each element. 


Processing  piezoresistive strain transducers is 
То ¿nap that required for integrated bipolar cr 405 
Пешике Since the circuitry is less complex and а major 
portion of the manufacturing process iS accomplished using 
Standard integrated circuit wafer processing. AUS а А 
strain transducer is a combination of a thin-membsr 
diaphram, containing two piezoresistors, and an in 
EM oro constreint. КИ" га па -2qronsor tnesehrp. ıs 
woned onto a supporting member (or back plate) that is in 
earn mcunted onto the transducer асе Oth 
EON ccNct)Oon techniques eliminate thermal  hysteresis-:ype 


errors, and mechanical shock. 
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The temperature dependence of piezoresistance is inherent 
and unavoidatle. The problem is diminished by the fact that 
the. temperature coefficient of each piezoresistor is nearlv 
murcal, and the half-bridge Cale Gua provides the 
Capability СОГ measuring the temperature of the 
BeeZoreststcrs to effect a correction. This type transducer 
exhibits pressure nonlinearity which is independent of 
Temperature, and is usually less than 0.5 percent full 


scale. 


The pressure sensor exhibits excellent dynamic 
response dus to the small size, Minimum mass, and high 
hatural frequency of the silicon piezoresistive diaphram and 
backplate. The weight of the silicon chip and stem is less 
than 0.4 grams, and the natural frequency of the diaphram 
Morea ter than 100 kHz (Ref. 12). 


Honeywell's method of exciting the resistors is the 
Eurrent excited half-bridge configuration shown in Fig. 20, 
Echos common to both analog and digital output signal 
sensors. Ccmmon moding is the means for removing the large 
8 (1) (TCR) of the piezoresistors and converting only the 
piezoresistance R (P) "ndo an electrical signal 
representing applied pressure. Amplifier U4 will Aot 
Lespoond to equal changes in the outputs of Ul and 92. 
Amplifier U3, however, responds to an equal change in the 
Diezoresistors but not an equal and opposite change (1.+. 
pressure change). The circuitry used following the bridge 
Сион се ОТ Fig. 20 for the digitai application is shown 
Ета. 21: This converts the signals from U3 апа ІШ to 
moore Богасу words. The time pulse , ог pinary digi+al 
signal contains the temperature dependent and pressure 
Пош цеашљ њу errors which must be removed in the central 
processor. The PROM constants are unique to each transducer 
and all sensors with identical part numbers may be 


interchanged without calibration. 
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A maximum of 20 constants are required to provide + 0.005 
percent full scale over a temperature range of -5ü9 to 
+71°C. Ihe accuracy of the constants stored in the PROM is 
easily achieved by including an extra constant that forcas 
(008 sum of the required constants to zero if they are 
correct. Figure 22 shows an example of the complete digital 
pressure sensor which have accumulated over 9.7 million 
hours of operation and demonstrated a reliability of 58,800 


operating hours MTBF (Ref. 12). 


Honeywell produces silicon piezoresistive sensors 
With accuracies ranging between £0.03 and 1.0 percent full 
scale. The results of Honeywell's accelerated life tests on 


the silicon transducers is shown in Fig. 23. 


DISCUSSION 


The silicon piezoresistive pressure sensor provides 
high performance, minimum weight and size package, plus a 
weight advantage over other sensor concepts when the пега 
for a  dual-redundant transducer and a high BIT capatility 
becomes a requirement. This sensor can output analog or 
digital signals and may be used in dedicated air data 
Eouputers or in remote applications. Additional Size and 


Berater ducticns are possEble with hybrid and LSI circuits. 


This piezoresistive transducer requires a lot of 
electronics if high accuracy is desired. Thus, these 
transducers are very well suited for low cost high output 
moderate accuracy pressure transducers and accelerometers. 
High accuracy is attainable at the =xpense of additional 
Есенна Circuitry. For the moderate accuracy application, 
this circuitry could be minimized by reducing the number of 


ОО с = О ГҮ ту without compromising too much accuracy. 
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8. Resonant Capsul 


The Kolisman resonant capsule pressure transducer is 
essentially an electronic oscillator whose tuning element is 
a vibrating capsule formed by a pair of pressure-sensitive 
diaphrans. The resonant capsule is magnetically coupled to 
mae, CGlectronic circuits of the oscillator . A magnetic 
EENEGUIt. consisting of a ferromndgnetic outer Ting, a pair of 
Alnico “У permanent magnets, and an air gap, is mounted on 
each diaphram. Figure 24 shows two generations of these 
transducers (Ref. 13). The permanent magnets establish a 
poustant Flux@density in the air gap, and this magnetic flux 
cuts a number of stationary coil conductors located in the 
air gap. The coil is fastened to a "Trestle" spanning the 
capsule and the attached magnetic circuit. When the capsule 
vitrates relative to the coil, voltage appears in the coil 
BE cu he flux 2леја ова ће magnet pair air gap. Оп 
the "pick-up" side of the capsule, the voltage is amplified 
ana АШ S DU is produced in the "drive" coil positioned on 
the other side of the capsule. This current produces a 
force on the drive magnets through е interaction with the 
flux lines, which accelerates the diaphram assembly. 
Through mechanical coupling in the capsule, the driven side 
causes the pick-up side to move, and the system goes into 
self-oscillation, when suitable gain is provided by the 
amplifier. The drive and pick-up magnetic assemblies are 
mounted in such a way that the fields are orthogonal, so 
ata direct signal "path s@hrough the capsule cannot exist 


without diaphram motion. 
Beechenatic diagran ©f thezeircurt is Ehown in Fig. 


D m cousists of an oscillator loop and a an automatic 


Mco O] loop. The oscillator circuit is designed to 
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provide a peak drive current of 11 millianperes, and at saa 
level pressures, the capsule has a Q of about 750 (Ref. 13). 
The thermal controller schematic is shown in Fig. 26. The 
heater ccntrol thermistor is located in the sensor in 
thermal contact with the housing in order to naintain the 


sensor boundary at a constant 659°C. ° 


The most advanced RCPT drive design is shown in Fig. 
27 in which an electron beam welded aneroil capsul2 is 
secured within an aluminum housing by a rubber-like moli. 
Tt has two trestles, one for the oscillator board, and one 
for the temperature controller board. Figure 28 shows a 


typical unit installed in its insulated case. 


The manufacturer states that the basic accuracy 
against a primary standard is at the 11” level is: 
О" for 0.25" Hg с р 304 на 
AO 2/30 for 30“ Hq < p < 110" Hg 
Aital pressure transducers with 16 or 18 bit binary output 


are available. 
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DISCUSSION 


This sensor has a common property with several of 
the transducers discussed previously. It is nonlinear and 
curves of pressure vs period would have to be obtained fron 
the manufacturer in order to ascertain the degree of 
nonlinearity. Since this transducer is a resonant 4 
it is sensitive to external vibration and shock. Thu 
ENccess of this transducer in a given application d 
роп tic ability to isolate the unit. Overall, the p 


device seems most suited for bench top measurement. 
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E AIRSPEED 


1. Omnidirectional Airspeed System 


An omnidirectional low range airspeed system was 
Штусшбреа by Pacer Systems, Ine. called LORAS. This system 
measures and displays relative airspeed or relative wind 
through 360 degrees azimuth. It can measure true or 
calibrated airspeed in any flight path direction; forward, 
ШОЛ Ога, right, left) wor Squartering. In addition, the 
system is capable of measuring absolute zero airspeed and 
pospands quicker than any modern aircraft can accelerate or 


decellerate. 


The system consists of the sensor unit, air data 
converter, Omnidirectional airspeed indicator (041), and 
non-rotating standpipe mounting. The sensor (Fig. 29) 
weiçhs 2.25 rounds, stands 9 inches high, and has a rotating 
arm 12 inches in diameter. The mounting base 1s d2signed to 
fit into a 3 inch OD tube (.064 wall). The arms rotate at 
12 Hz, driven by a constant speed motor in the lower pcrtion 
of the sensor bodv. A typical standpipe installation is 
Shown Xn Еза.30. The arms are constructed of stainless 
steel, and the sensor body is corrosive resistant aluminum. 
The LORAS model 1000-T is designed to operate at speeds ар 
to 250 knots, but can withstand supersonic fliaht loads when 
turned off. The shrouds at each end of the sensor arm were 
designed to provide environmental protection against rain, 
snow, and freezing rain. Production models will have a 


heater for de-ice capability. 


Dhesaır data converter weighs 2.9 pounds and 
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LORAS STSTEM PROTOTIPE 


Figure 29 - 
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measures 5.25 inches high, 4.63 inches wide, and 6.12 inches 
deep. Power requirements are: DC, 28VDC +41 20 Watts; AC, 
115VAC +10%, 400Hz, Single Phase, 60VA. 


The system has a dc аша КОЧЕ output signal 
proportional to flight path airspeed as well as the forward 
I 9829) and sideward (left or right) components. An 
aaa tional output is a dc signal proportional to density 
altitude. The equipment has been designed to output two 
sets of signals, one set to drive the necessary displays, 
and one set to service other aircraft subsystems (i.e. 


stability augmentation system, navigation system, etc.). 


The Navy's main contingent of low speed aircraft are 
helicopters, and extensive testing was done with the system 
installed on these aircraft. Several sensor locaticns were 
tested with the optimum configuration shown in Fig. 31 (Ref. 
15). This has proven to be a feasible location for all 


helicopters. 


The LORAS sensor has been mounted in the rotor mast 
location on the OH-58, the Bell 212, AH-1G, UH-1H, and the 
ШН- 1%. The weight penalty for an operational nast 
installation should be less than 4 pounds and requirss no 


unusual maintenance proceedures. 


LORAS does more for the pilot than measure low 


airspeeds. The display shown in Fig. 32 allows the pilot to 


control the helicopter under even the most demanding iliant 
б ОПП отоп. Current systems do not give the pilot a realy 
EH curate indication of tHe margin of controllability 


remaining during dvnamic omnidirectional fiight maneuvers. 
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The LORAS system is capable of giving the pilot this 
information in order to avoid inadvertent loss of control 
resulting in: 


Some sion with the ground or obstruction. 
Ot disorientation or vertigo. 


Airframe or power train damage due to an overly 


aggressive recovery control technique. 


Ec Sphay similar to that shown in Fiaure 32 gives the pilot 
a quick and easy reference for the maneuver margin 


remaining. 


The flight loads on the airframe, control systen, 
ОЕ, апа power train are all functions of flight path 
angle, flight path speed, normal acceleration, side force, 
gross weight, power demanded, and pilot control activity. 
Slow speed flight necessitates the use of high power and 
MENO pilot. control activity. The highest flight loads in 
the slow speed regime are associated with cross wind and 
down wind conditions, where the pilot workload is greatl 
increased. Due to this heavy workload, the pilot is 
incapable of accurately assessing when the aircraft has 
departed the approved flight envelope and the severity of 
the departure. Thus the observed or estimated flight loads 
which are used to document the loads experienced by the 
airframe for calculating | component life аге inadequate. 
LORAS nas the capability to define the safe flight envelopa, 
depicted Бу the dashed horseshoe in Fig. 32. Implementation 
of this system will significantly improve component life 
estimates by more accurately depicting the actual 1934s 
experienced in flight. In addition, 1% would reduce the 
number cf materiel failures in flight since maintenance 


personnel would know when a part is approaching the fatigue 
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iuit. 


Ihe LORAS system received an extended operational 
flight test performed by the 1st Helicopter Squadron at 
Andrews Air Force Base. The objective was to evaluate the 
Eontrubution of the systen ae) safety and mission 
effectiveness. The LORAS-II system provided by Pacer 
Systems, Inc. was installed on a non-rotating standpipe 


above the rotor of a UH-1N helicopter, by squadron personnel 


during routine maintenance. The LORAS indicator was mounted 
directly below the pitot-static indicator For quick 
Bcrerence and comparison. The system logged 76 flights and 
PARE hours during the 6 month test (Ref. 14). Pour 
flights (7 hours) were flown at night, and 2 flights vere 
¿lown for system alignmet and checkout. Temperatures ranged 
БЕНЕН Ч09: to 10092 and speeds of -25 to +130 knots. 
Sideward flicht was limited to 35 knots . Most flights were 


conducted below 2000 feet pressure altitude , both in and 
out of around effect. The aircraft received no srecial 
maintenance and was available for any squadron commitment. 
Muss allowed to sit outside in the rain and high winds, 
and was washed regularly with no special precautions taken 
to protect the sensor. Pilots were required to perform 
maneuvers twice, once using LOPAS and once using the 
pitot-static system. Parameters such as pitch attitude and 
airspeed variations were recorded as well as pilot opinions. 
It should be noted that LORAS output True airspeed which 
differed from the pitot-static Calibrated airspeed by only a 


few knots due to the low altitudes flown. 


Nc failures were experienced by the LORAS systen 
during the evaluation. The two systems exhibited general 
agreement for speeds above 60 knots (Fig. 33). This figure 
and Fig. 34 show the pitot-static system error in calm air 
and light turbulence. Figure 35 compares the two svstens 


during a climbing acceleration to 50 knot level flight. 
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In climbing flight, LORAS seems to be very accurate, but 
seems to indicate low in descents. Evaluation of slow sp2ed 
climbs and descents failed to find any condition where LORAS 
failed to provide what appeared to be an appropriate 
response to command airspeed changes. 


Шене Helicopter Scuadron concluded that the 
Bor static system currently in use is inadequate in the 
slow speed regime and that LORAS was an operationally 
suitable unit capable of significantly enhancing mission 
effectiveness and operational safety by providing accurate 
pilot cues in the slow airspeed regime, enhancing the 


EN C's ability to safely control the aircraft. 


DISCUSS EON 
The need For an accurate and reliable 
omnidir=ctional low range airspeed system is well 
documented. LORAS has proven to be just such a system. The 


location of the sensor on the rotor mast above the rotor has 
been shown tc be feasibie requiring no unusual maintenance. 
This installation carries a very low weight penalty. The 
permissible flight envelope can be easily depicted on the 
LOFAS display, or a power available vs power required may be 
presented. Thus, the LORAS systen has the ТО ачаа 
advantages over conventional pitot-static systems: 

СО 055 сарарі 15 ту to display the permissible #1190- 
envelofe, power required vs power available, rotor 
engagement envelope. 

КОО tie capability to display omnidirectional 
тераса from 0 to 250 Knots. 

(3) The capability to prevent or identify conditions 
which overload the airframe. 

(4) Increased accuracy for component life cycle 


estimates. 
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(5) A decrease in the number of infiight materiel 
failures. 
(6) No significant environmental effects. 
(7) Decreased probability of vertigo~induced 
accidents due to imperceptible sideward or 
rearward velocities. 
(8) Increased precision under IFR conditions. 
Future helicopter designs should include provisions for 
mounting LORAS or a similar system on the rotor mast. 
V/STOL aircraft also require an omnidirectional airspesd 
system an the feasibility of using” LORAS shouid be 


investigated. 
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Rosemcunt has developed an orthogonal low range 
airspeed sensor which will Operate in the 0 to 50 knot range 
(Ref. 16). The system is comprised of a pneumatic airspeed 
БЕЙНЕСІ, Pressure transducer, and dual pointer indicator. 
The airspeed sensor, which is a pressure type flow sensor 
employs a hemisphere-cylinder combination with a the 
ни pre Sensing ports locatéd on the cylindrical portion of 


moe unit. The sensor has four internal chambers with 


(D 


synmetrical orthogonal hole into each chamber. А schematic 
drawing of the system is shown in Pig. 36. The sensing 
ports are located such that the pressure differences betw2en 
(шесте 1 апа 2 are proportional to the product cf the 
impact pressure times the согје, where © is the angle 
between the velocity vector and the "x" direction. The 
ШОШО Егсп З апа 8 is proportional to the impact pressure 
tires sine. Mathematical manipulation of these pressures 
results in the calibrated airspeed. With the known 
calibration constants and appropriate airspeed transducer a 
voltage output can be made proportional to the calikrateä 
шашева in orthogonal directions. ado na Ез ог 
ports can be added to measure ambient or static pressures, 
which enables both orthogonal airspeeds and pressure 
altitude measurements to be obtained from a single s=nsor. 
The sensor incorporates a heater for in-flight de-icing and 
vacorization of surface and internal moisture. Calibration 
data is obtained in flight testing to convert local ds 


airspeed to true flight conditions. 
The sensor was tested in the wind tunnel, in 


atmospheric wind, mounted on a ground vehicle, and in 


flight. 
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Plow direction in the wind tunnel covered a full 360°, and 
pswered a speed range of 20.8 to 51.0 knots, while in the 
case of the around vehicle test, speed ranged from 2.5 to 
47.5 mph. In the latter test, Var te Ао 120. 
The flight tests were conducted with a NUH-1M helicopter. 
Two locations for the sensor were investigated, above the 
rotor and above the cabin. The former proved superior. 
Comprehensive tests were conducted encompassing longitudinal 
and l lateral low speed flight, climbs, descents, sidsslios 
E30, and orerations in ground effect (Ref. 17). With the 


above the rotor installation, ali tests were within 5 knots. 


The air data module suitable for orthogonal airspeeä 


measurements consists of the following components: 


1. Differential pressure transducer for fore-aft axis(4P,) 
2. Dieererential pressure transducer for side-to-side axis 
АР 
(AD,) 
com putation circuitry for airspeed in fore-aft axis 


ШИ computation circuitry for airspeed in side-to-side axis 


E. Temperature compensation Circuitry for correction of 


temperature induced errors. 


6. Reference voltage source 


ПН УБС to +15 VDC converter, and EMI filter circuitry. 


faesemodule is in production. 
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DISCUSSION 


This system, like the LORAS system, requires that 
the sensor be mounted apove the rotor. The pressures at low 
airspeed are very low and although many manufacturers build 
transducers which are satisfactory in these renges (.05 PSI 
at 4O knots), this is still a potential problem area. The 
scheme used is simple and straight forward. It may s2en 
attractive to many proponents of the "old school" since it 
i: а lot like the conventional pitot-static probe. The 
System deserves more testing to evaluate its possible uss on 


вино Navy V/STOL aircrart. 


The Ultrasonic Wind Vector Sensor (UWVS) develoved 


By Honeywell, Inc. uses ultrasonic signal transmissions 


through the moving air mass, and has no moving parts. Іле 
sensor and the relationship between angle of attack, 
n ip and Wind magnitude is shown in Fig. 37. Тһе three 


unknowns (Я, г Чу, Wa) сап be obtained from the three 
eguations describing the measured transmission tines fron 
Mie hres transrmitters to the receivers. The UWVS geometry 
ШОО Суп in Fig. 38. The wave velocity in air as a function 
of temperature is computed from the temperature сепзсг оп 


the probe. 
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Typically, the transmitters are simultaneously pulsed, and 
200 to 300 microseconds later the wave reaches the 
десештег5. An eguation is written for each wave path 
containing the unknowns and the three transit times. "he 
resulting equations are functions of Я and therefore are 


solved by iterative feedback methods. 


Ма тељго LPelative Wind, the three transit times are 
Aent ical. When a relative wind exists and is parallei to 
Behe x-axis, all times are equal again. For a relative wind 
from an arbitrary direction, the three times assume 


datr rerent values. 


The block diagram for the UWVS is shown in Fig. 39. 
The system uses piezoelectric transducers as transmit 
wide bandwidth ceramic microphones as receivers, 
platinum eiement as the temperature sensor. The ten 
sensor anplifier and three receiver amplifiers are cont 
the sensor unit, while tne ‘transmitter drive, t 
ШӘЙІС, pulse detection circuitry, and the electronics used 
to solve the equations are contained in a separate unit. 
The present mechanizetion solves the equations by an analog 
са рт улазни ае technique. Awälgitalewprocessor approach, 
weh approximately equal performance and cost, has been 


con igured. 


Phe factors affecting UWVS performance are: 


Transmitter locations 
Aerodynamic effects 
Signal noise 
Installation alignment 
Environmental conditions 
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Of these, aerodynamic effects seea to be the most critical. 
These effects are similar to those of any other probe 
mounted cn ап airframe. Plow around the airframe changes 
the sensor measurements, and thus the location of rhe probe 


must be chosen witn care. 


The UWVS system has been tested in the wind tunnel 
and on koard Army Cobra helicopters as part of a rocket 
шета control system from June to September, 1975 at 
Aberdeen Proving Ground, Fort Hood and at the Naval Weapons 
Center, China Lake. Additional testing was conducted at 
Edwards Air Force Base in which different mounting locations 
were evaluated. The optinum position was found to be above 
the rotor head. Data showed that with this position, the 
forward component was linear to within 3 knots our to 130 
kncts, and the lateral component generally linear to within 
3 knots out to 25 knots. The structure allowed measurement 
of rearward and upward aircraft velocities, but performance 
at rearward velocities above 20 knots was not as good. The 
flight test resuits showed some scattered data points which 
may be due tc electronic processing in the presence of 
missed timing pulses. Puture work is aimed at improving 


pulse processing. 


DISCUSSTON 


This system was designed for use in rocket firing 
aná thus is not really suited for airspeed measurement. Its 
performance in the latter regime is not impressive 
especially in rearward flight and therefore should be 
considered only ав an aid in weapons delivery. The LORAS 
system is sinpler, and this system is affected by turbulence 
ИПСА we certalniy Бе суеп са V/STOL alrerart. 
Finally, the system is fairly complex and requires 


Snreovements in the electronic circuitry. The author nas no 
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informaticn concerning the performance in adverse weather 
conditions such as fog, rain, ice, etc. and hence this is an 


area which must be explored. 
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lution Velocimster 


ET. ыы Я с с —_— ee “і с a — t I. s “sss — 


This system, which was developed by D. Kin ani с. 
Dubro, was presented at the Project Squid Second 
International Workshop in 1974, aná паз been jointly 
developed by the Air Force Flight Dynamics Laboratory and 
Bolt, Beranek, and Newman, Inc. (Ref. 18). The system 
employs no mcving parts and uses an infrared-emitting diode 
ШЕП) а5 the light source. The output is collimated by a 
lens and prcjected through turbulence onto a grating. The 
turbulence is generated by th» wake of an object placed 
upstream of the sensor. A mirror positioned behind the 
graeing returns the light to a silicon photodiode detector. 
The turbulence refracts the light passing through it and 
ворога '"shadowaraph" pattern of bright and dark bands on 


the grating. Figure 40 shows the basic set up of the CCV. 


The signal from the photodetector is the frequency 
at which the shadowgraph crosses the grating. A heater was 
placed in the stream to increase the sensitivity for use in 
the low speed regime. Figure 41 shows the actual laycut of 
a Single detector OEY. Шатпег өне lec nee и velocity 
measurement techniques are used with the assumption that the 
observed property is being convected with the flow stream at 
the flow velocity. Knowing the frequency at which the 
output of the photodiode fluctuates and the pitch of the 


crating, the average flow velocity can be deduced. 


The first prototype was tested on board a Cessna 172 
aircraft over a range of 50 to 120 под. The major 
difficulty observed was a poor signal to noise ratio. A 
Асот саваш from 5 Wanuary 1976 to 31 August 1976 was 
Undertaken to identify possible solutions to this probien, 


with the additional goals of improving the original desian, 
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ascertaining the operational suitability of the systen, and 
test and evaluation of the ОСУ ТТ. Changes considered 
included increasing the number of LED's, alternate light 


sources, and improving optical efficiency. 


An improved version of the CCV has been built and 
successfuly operated in the wind tunnel. Substantial 
improvements in the signal to noise ratio have been made, 
and a correlaticn discriminator signal processing systen 
capable of measuring the frequency of a signal buried in 


noise has been invented. 


a major area which remains to be tested is the 
sideration 


environmental effects on system performance. Con 


must be giver to the following: 


Low rressure 

шогат ісп 

Acoustical noise 

Rain 

Salt og 

Dust 

dumidity 

High/lcw temperature 
Electromagnetic interferance (ЕНТ) 


De-2eing and anti-icing 


Low pressure has Deen Shown to increase me 
sensitivity (Ref. 19), and the only potential problen occurs 
when the senscr returns tc ground level. If moist air is 
allowed to enter the optics chamber, condensation may be 
produced, which would degrade the optical performance of "пе 
System. The problem can be overcome ма а preossure-prooz 


sensor head. 
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Тһе ОСУ і5 somewhat sensitive to vibration of “ае 
mirror/grating which causes the return image to move about 
on the photodiode, which generates an output sana le 
Consequently, the mirror must be mounted sturdily in oráer 
r uco this signal. The impact of vibration is reduced 
ЕКСЕ Vibrations tend to occur at lower frequencies than 
paosecused by the OCV. Acoustical noise presents a similar 
problem with higher frequencies. Again, a sturdy mount 
should solve the problem. 


Rain can have both an adverse and favorable effect 
ши ОСУ performance. The signal will be enhanced hy 
raindrops passing through the t measurement volume, assuming 
mme raindrops travel with the free stream velocity. 
However, signal degradation will result if raindrops build 
upEon the mirror or lens of the OCY. This is avoided by 
flush mounting the lens and mirror in their supports. Even 
if the droplets form and move across the lens, they move at 
Substantially lower velocities and the signal processor 
ends to filter out low frequencies and lock onto the high 
frequencies caused by the raindrops in the flow. Thus the 
manufacturer does not expect the system to "see" raindrops 


Оп the optical surface. 


Salt fog presents a corrosion problem which can be 
КОО ГООО in the sensor body, but the mirror, which is coacrad 
Meroe aluminum, and then coated with a layer of silicon 


monoxide, is susceptible to corrosion. 


Dust presents another problem in the area of signal 
degradatior, especially- if -3t set: сз сл тле optical 
surfaces. As much as a 9 DB reduction in signai Wiii occur 
OSO coverage. Аз with the raindrops, dust moving wit! 


«Це free stream will enhance the signal. 


High temperature limits are determined by the 
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electronic components, which with the present system 15 
approximately 71 degrees Centigrade. Low temperatures can 
present problems with differential expansion, and brittle 
components. The present minimum temperature the svsten can 


withstand is -55 degress С. This stems from photodiode 
limitaticns. 


Electromagnetic Interference can produce spurious 
боца due to the sensitivity of the photodiode. Thus it 
is imperative that it be well shielded from all 


ӨШ ronagnetic £lelds. 


епа is пої as serious a problen as with 
pitot-static tubes since there aren't any small holes to 
ENG with ce. Ice accumulation on the sensor of 1/4 inch 
will change the flow field which will result in erroneous 
readings. Hence there 15 still an о ic ing 


requirement. 


ао сата оп Of tne sensori on the  ailircrift 2775 or 
prine importance and a position with minimum airrlow 
disturbance is desireable. Possible candidate locations are 


the nose or top of the vertical stabilizer. 


DISCJISSTON 


The OCV is an interesting concept and one tha? has 
potential for some operational applications. At present, 
Asten is not a viable approach due to the following 


не ог: 


(1) Ic has not been fully flight tested. 
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(2) Environmental effects have not been tested. 


(3) Maximum temperature limits are too low and limit its use 


to low subsonic type aircraft. 


(4) Problems remain with the heater design. 


Final evaluation of the system must be reserved 
until the items noted above are corrected or thoroughly 
tested. 


Grumman 1S in the initial stages of a research and 
development program which they hope will produce a Laser 
Doppler Veslocimeter (LDV) which can be used aboard an 
airborne platform. Previous applications of this technology 
have been in the laboratory environment. The proposed 
Beog@eame 1s divided into four stages, (1) proof of concept, 
(2) in-flight thrust measurement, (3) airspeed LD? tests, 


and (4) V/STOL flow field measurement. 


Phase I is to be completed at the end of this year, 
amd wath a V/STOL prototype go-ahead at the end of 1979, the 
first flight would take place in 1984. 


Phase II requires a Мачу go-ahead in late 1977. 
This would Ee followed by the formulation of design criteria 
for the in-flight thrust measurement problen, five at 


hardware development, and flight tests in late 1979. 


Phase III, airspeed measurement involves the same 


program of design criteria, hardware development, and flight 
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F Capabitities acquired in the previous stages is 
expected to reduce the design and development times and 
produce flight tests in the middle of 1980. 


Phase IV, V/STOL flow field measurement, begins in 
1980 and culminates in 1982 with flight tests. 


This is an attempt to use Laser Doppler technology 
for the in-flight aerodynamic/propulsion interface and 
performance evaluation problem. The ability to measure 
velocities in complex flow fields without disturbing them 
makes the LDV particularly suited for non-contact fluid 
mechanic measurements. Possible applications include the 


fcllowing areas: 


(1) Determination of thrust via the integral momentum 
9 


equation, control volume technique. 


BN U3ptrficatSon of thrust induced effects apnd additive 
drag components via the differential Navier Stokes 


equation, £inite difference technique. 


КООШО Не establishment of flow coefficients to relate design 


sudEwindetunnel data to flight tese data. 


EINEN ification of velocity profiles associated with 
a) Suckdown 
b) Fountains 
C) Hot gas reingestion 


d) Impingement. 


(5) Establishment of a low speed measurement capability free 


Or CSi tior error. 


(6) Angle of attack and sideslip measurement free of urwash 
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cali ration. 


The Laser Doppler  Velocimeter offers substantial 
benefits over present systems. Desian calculations may be 
verified through accurate 3-D vectored data. Correlation of 
wind tunnel and flight test data will reduce the scope of 
шашу Programs, resulting in significantly lower costs. 
ШС асе velocity profiles of the flow fields associated 
pm V/STCL aircraft will be an invaluable aid to the 


designer. 


The basic measurement scheme is shown in Fig. 42. 
The  proof-of -concept setup which is currently being tested 
at Grummans' Calverton, Long Island test facility, is shown 
ig. 43. Once this system is fully tested, it will be 


used to verify installed thrust using an F-14 aircraft. 


The ultimate goal is to produce a system to be used 
aboard a V/STOL aircraft. Ideally, the test engineer would 


be able to measure airspeed, angle of attack, sideslip, 


suckdown, recirculation, engine thrust? etc. without 
melocating the laser. Thus, Grumman plans to have one 
centrally located instrumentation package wit? renote 


sensing stations linked by fiber optics. 


DE SESSION 


Since this program is still in the infancy stage, 1t 
MO. possible to predict its success or failure with any 
ШЫ атп у. The possibilities offered Ey Such a system аге 
sufficient to warrant a comprehensive RDT and E 2ftort. 
Recent advances in fiber optics (to be discussed in a 
ЕНЕ пеп section of this paper) and the renewed interest 


shown by the Navy in laser technology, may make this 
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a practical system in the near future. 


J-TEC Associates, Inc. has developed a system for 
measuring airspeed by vortices shed from a biuff роду (Ref. 
20) . ие пагасюєютіє іс "Vortex pattern is formed which is 
determined solely by the shape and size of the body and is 
mu Dengent Of Other fluid characteristics such as density 
or temperature. The vortices move at essentially the free 
stream velocity. Since vortices are no longer formed below 
a critical velocity, the system has the advantage of a zero 
point which is determined by the true velocity zero. Тп 
addition, the slope of the vortex frequency versus velocity 
is determined only by the characteristics of the vortex rod. 
These features free the system from the problem of zero 


drift which is present in pressure systems. 


A typical vortex pattern is shown in Fig. 44. 
Votices are counted by passing an ultrasonic bean through 
MOT tex trail. The rotational velocity of the fluid in 
the vortices tends to scatter the beam which rəduces the 
energy impinging on the receiving transducer. The result is 
an amplitude modulation on the received ultrasonic carrier 
from which velocity is determined. An example of ultrasonic 
moda zon is shown in Fig. 45. Тһе increase in modulation 


depth is approximately proportional to the fluid velocity. 


Jltrasonic beam and transducer size are chosen sich 


that 100% modulation is achieved at the uppe velocity 
ШТИП. A velocitv range of 100 to 1 can be attained. The 
Medulation frequency of the energy received at the 


transducer is passed through a zero crossing detector with 
ШӘ resis which produces a  squarz" wave at tre vortex 


B ueney. which is the primary output of the sensor. 
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The relationship between the vortex frequency and the 
Velocity is: 


£=SV/D 


where S= the Strouhal constant 
V= velocity 


D= the cross section diameter of the vortex год. 


раса! vortex rod diameters are on the order of 0.1 inches 
ween results in a frequency to velocity ratio of 50 Hz per 
Knot. The threshold of these senscors is extremely low, 
approximately 1.5 xnots, which suggested the applicaticn to 
rotary wing aircraft. Тһе model VA-220 will operate up to 
250 knots and has a linear calibration curve. The sensor 
has been tested to .85 nach and several units are in 
Operation on subsonic aircraft. Various models and 
installation locations have been tested on H-500, CH-3, 
OH-58, and UH-1 helicopters. 


In one of the tests, a bidirectional sensor having 
Eur struts located both fore and aft of the sonic bean 
was tested. The sensor could read either forward or 
rearward velocity, but could not distinguish between then. 
myeical results of tests conducted by the Army Flight Test 


Center at Edwards Air Force Base are shown in Fig. 46. 
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FIGURE 6 
AIRSPEED CALIBRATION IN FORWARD AND REARWARD FLIGHT 
J-TEC SENSOR VA 210 S/N L-72-18 NUH- IC USA S/N 63-8684 


ROTOR MAST LOCATION-POST VERTICAL 
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DISOUSSION 


Although a capability has been shown, the system 
remains unattractive for the following reasons: 


(1) 


It is a relatively complex means of measuring airsreed. 
(2) Other systems offer savings in weight and complexity. 


(3) The sensor should be mounted above the rotor to obtain 


the best results and preclude its use as a hand hold or 
step for maintenance personnel. 


(4) Environmental effects have not been tested. 








Бие ЛВЕЦ ОРТТС5 FUNDAMENTALS 


Fiber Optics deals with the transmission or guidance of 
light (rays or waveguide nodes in the optical region of the 
Spee rum) along transparent fibers of glass, plastic, ог а 
similar medium. The phenomenon responsible for the fiber or 


light pire performance is the law of internal reflection. 


A ray of light, incident on the interface between two 
transparent optical materials having different indices of 
refraction, will be totally internally reflected (rather 
Man refracted) “if: (1) the ray is incident upon tne 
interface from the direction of the more dense material; and 
(2) the angle made by the ray with the normal to the 
interface is greater than some critical angle, the latter 
being dependent only on the indices of refraction of the 


media (see Fig. 47). 


бо ---ах.- ray of light traversing a fiber 50 microns 
in diameter may be reflected 3000 times per foot of fiber 
length. This number increases in direct proportion to a 


decrease in diameter. 


Total internal reflection between two transoarernc 
Bai media results in a loss of less than 0.901% per 
re 


cron. Thus a useful quantity of illumination can Бе 
a E 
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An aluminum nirror cladding on a glass fiber core would 
Sustain a loss of about 10% per reflection. 


БЕЗЬЕ 2s transmitted down the length of a fiber at a 
constant angle with the fiber axis. Scattering from the 
Esc geometric path can occur as a Tesukt er. (1) 
ШИ состлоп in the bulk of *he fiber; (2) irregularities in 
ззевсоге/сіай interface of the fiber: and (3) surface 
Scattering upon entry. In the first two instances, light 
Moe be Scattered in proportion to fiber length, depending 
ле angle of incidence. То Бе functional, long fibers 
Mist have an optical quality superior to that of short 
fibers. Surface scattering occurs readily if optical 
polishing has not produceä a surface that is perpendicular 
F r ho axis of the fiber; pits, scratches, and scuffs 


diffuse light very rapidly. 


The speed of liqht in matter is less than the speed of 
light in air, and the change in velocity that occurs when 
liaht passes fron one medium to another results in 
стоп. A portion of the light incident on a boundary 
ЧО асе which is not transmitted, is totally reflected from 
+he sides, assuming that the angle is less than the critical 


angle. 


B. ADVANTAGES 


Current Naval aircraft utilize twisted pair wire or 
ОООО ат cable for siqnal data transmission in avionics 
systems. This means of electromic signal transmission, 
а даке= to post-World War Tr, exposes tie system то 
degradaticn caused ру EMI (electromagnetic interference), 
ЕШ (radio frequency interference), and nuclear generated 


EMP (electromagnetic pulse) , which are problems inherent to 








шас с conductors of this type. Additional problens 


include crosstalk, ground looping, reflection, and short 
Et lcading. 


The tremendous advances in fiber optics technology have 
led many engineers to consider glass fiber cables as a 
replacement for the twisted  pair/coaxial cables. The 


advantages offered by fiber optics are: 


( 1) EMI/RFI/EMP immunity 

m Electrical isolation 

(3) Wide signal bandwidth 

(4) Low crosstalk 

(5) Weiaht and volume savings 

(6) Elimination of sparks/fire hazards 

ЕТ ы па<1оп оё short circuit/loading problems 
(3) High thermal stability 

(9) Low cost 

(10) Fabrication from non-strategic materials 
(11) Low attenuation 


(12) Increased security against detection or interception. 


The dielectric properties of optical 5025 асе 


responsible for their immunity to EMI/RFI/EMP which greatly 
improves their elecrtomagnetic compatibility.: The 
electrical isclation between sending and receiving terminals 
eliminates common ground connections and associated problems 
such as voltage offsets, ground currents, and noise. Fiber 
optic links present no fire hazards when damag2d and in 
addition, no local secondary damage can occur because fiber 


 ШІС5 петіпег produce sparks nor dissipate heat. 


When a wire cable is damaged, it may in turn, harm the 
emna] circuits by shorting or grounding them, cr by 
inducing dangerous voltages and currents in the wires which 
connect to then. With Optical fibers; this  оворієто 15 
eliminated. 

Conventional wiring is greatly affected by connector 
ge eont'nuities because der needs solid phvsical and 
electrical contact at the connector interfaces Гог optimal 
апай transfer. No physical contact is required inan 
optical interface between the light source or etector and 
the fiber optic bundle, since light can pass through a small 


air gap Letween the end of each fiber in the interface. 


Tests have shown that most liquid contaminants found in 
aircraft which may saturate the interface actually increase 
the signal coupling. However, bubbles, granular materials 
and opaque substances can degrade coupling efficiency and 


damage connector surfaces as well. 


шастае Gn l attenuation of typical fibershtanges fron 2 
СЫ то 1,000 dB/kn (Ref. 21). Figure 48 shows the 
БЕРЕТЕ се оғ typical optical fibers )(Ref. 22). 

EC NEoDtuc cables offer much gredter bandwidth over 
twisted pair or coaxial cables. For example, the signal 


bandwidth cf a 300-m fiber which has 50 dB/km attenuation 
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and the proper light transmission characteristics is 200MHz. 
The bandwidth of coaxial cable, independent of Signal 
processing electronics, is limited to 20MHZ 202 те 
equivalent diameter and length of fiber optic cable, while a 
twisted pair wire has a  1MHz bandwidth. The potential 
signal bandwidth of small diameter fibers extends beyond 
GHz. 


Typical glass fibers currently availabie remain stable 
well beyond 300°C. Special glass саріеѕ can withstand 
temperatures up To 1000°с. The maximum operating 
temperature of fiber cables usually depends on their jacket 
ШЕ а or on the epoxy used to secure them in connector 


ferrules. 


Don Williams, program manager at the Naval Electronics 
ENuorsatory Center in San Diego, estimates that the 450 
pounds cf copper wire now used in fighter aircraft could эе 
nle ced with only 50 pounds of fiber cable. In the A-7 
регагс, 15 optical fiber cables supplanted 115 signal 
channels representing 302 separate conductors; replacing 
almost a mile of electric cable with 224 feet of fiber (Raf. 
259). 


Present day fiber materials include silicas, silicate 
glasses, and various volymers. These materials ars abundant 


and are nen-strategic. 


вози 16 an important consideration when evaluating tne 
advisability ог replacing vroven systems With 
ma e O the-art technology. Степ абе саттЕ:рег 


Э 
cables cannot compete with twisted pair ог coaxial cable. 
МЕ 5--еі пат wire costs only a f2W cents per Toot whi 
@eaded-index-fiber cable in quantities up to 50 k2iloWmaters 
О approximately 5 245 бо 5 .75/f£t. What most people fail 

a 


B Nconssedsr is that materials for shielding the twisted p 
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Ens Сап cost $2 per foot. With sufficient demand, prices 
Or fiber optic cables may drop to 7 cents per foot by 1978. 
Therefore, the Navy must weigh the tremendous advantages 
noted above against falling costs when deciding if the 


ВСВ to optical fiber cables is warranted. 


The number of manufacturers producing optical fibers is 
gu te large and is growing at a rapid rate. Hany experts in 
this field feel that with the emphasis fiber optics is 
receiving, there is little doubt that by the 1980's optical 


fibers will cften be a practical alternative to copper wire. 


Ce DESADVANTAGES 


Piper opt&c's with all its advantages still possess 4 


disadvantages. The most important ones are: 


rt 
i 
ж 


ШЕ Рвоцистасп соп+го| 

EMINUS nts for individual fiber segments 
ШІ Тіпітей lifetimes of light sources 
Iber protection 


Е adiation effects. 


The extremely small fiber diameters require very precise 
control of production parameters. This is a difficult tasx, 


put one that must be overcome in order to obtain near-ideal 


fiber dinensicns and index profiles. 
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Initial optical cables enployed numerous fibers in order 
to relax the alignment problem and associated signal loss at 


Connectors. The present trend jis toward cables with a 


БИШ Йе optical fiber. Hence, there is more and more 
emphasis cn developing low loss connectors for individual 
fiber segments. Several current techniques will be 


presented in section D-3. 


A suitable light source is a prime consideration in a 
fiber optic systen. Present light sources have linmit=d 
Ме шше= which impacts on system reliability. The various 


light sources will be compared in section D-1 of this paper. 


Another  perplexing problem is fiber protection. The 
optical cables for operational use must be rugged enough to 
withstand rough installation and maintenance. Cladding 
materials which are rugged and posses sufficient tensile 
strength may not be flexible enough to fulfill the 


minimum-bending-radius requirements and vice versa. 


Dielectric glass or plastic cabl=s are particularly weil 
Suited for nuclear environments because of their immunity to 
electromagnetic pulse EMP) effects. However, as NRL 
scientists have pointed out, many existing fiber-optic 
cables suffer substantial losses in optical transmission 
when subjected to ionizina or nuclear, radiation. The major 
problems that arise are associated with light-absorbing and 
light-emitting defect centers produced by the impinging 


radiation in the fiber waveguide itself. 


NRL scientists have identified the damage mechanisms in 
the Lrradiated fibers, and a program to develop more 
radiation-resistent materials is underway. Special emphasis 
is being placed on the development of suitable fibers for 
near-term Navy systems such as the А-7 and Р-3  aircrat-. 


The lead Silicate type fibers üsd in опе  ALOST 
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demonstration cannot tolerate more than a few rads of 
загава) ао п without sustaining damage. TAS SEC e 
Radiation Effects Working Group has been established to 


coordinate and address radiation hardening needs. 


Most of the disalvantages discussed above can be 
overcome with sufficient research and development. 
Radiation effects present the most serious drawback to the 


ao tational use of fiber optic systems . 
ER COMPONENTS 


potuucal fiber optic system contains а pulse signal 
се, Current driver (transistor or wide-band amplifier), 
Шые sousce, fiber optic bundle, interfaces and connectors, 


photodiode, and signal processing equipment. 


1, УОН sources 


Dhes liche source converts the electrical signa Mato 
an optical signal, and is either ап incoherent ED 
(light-emitrting diode), a semi-coherent semiconductor laszr, 
or a coherent Nd:YAG laser. An acceptable light source 
should possess the following characteristics: faithful 
Bsoduction Of the electrical signal, monomode excitation, 
Pegh Optical output at low current density, small emitting 


area, hign frequency response, and long lifetime. 


Light-emitting diodes are the most widely used light 
1-у 


source today. This is primarily due to their availabili 


compatibility with available photodetectors, power 
requirements, and long life. The intensity of lignt output 
ес = is proportional to the current througn it, end 





since LED's operate at much lower current densities than 
semiconductor lasers, they do not suffer inslovable 
degradation and reliability problems. The amount of 
information an LED can transmit is limited by its frequency 
response, which presently is up to a few hundred megahertz 
ШОП е best LED's. Typical laser diodes, on the other 
hand, can be modulated at speeds up to 1 gigahertz. 


High-radiance LED's for optical communications are 
either surface emitters ("3urrus" type developed at Bell 
Laboratories) or edge emitters. The edge emitter is 
inherently capable of better coupling efficiency than the 
surface emitter, but the latter more than compensates for 
Baas by its higher total radiated power. The most promicing 
LED's use a double-heterojunction design, fabricated by 
sandwiching a thin layer of gallium between two layers of 
GaAlAs that absorb no energy and act as light guides (in the 
case or the edge-emitter). Extrapolation from accelerated 
aging tests indicate that high-radiance Burrus-type LED's 


should provide greater than 100,000 hours of operation. 


The desire to us= optical cables with single fibers 
as opposed to bundles of fibers requires the efficient 
ШОШО па Of source power into the fibers. The smaller 
Optical aperture of the single fiber requires the higher 
source power of the laser diode. Laser diodes are alsc used 


in high-speed, high-power systems using fiber bundles. 


There are two types avallable today: 
gallium-arsenide and gallium-aluminum-arsenide laser diodes 
ingle and double-heterojurctiom structures. The most 
important difference is the much higher data-rate capability 
of the double-heterojunction type (greater than 100 
megahertz versus 100 kilohertz). Single-heterojunction 
laser diodes are low cost, off-the-shelf items used in 


Mon auey-cyele applications requiring high output power. 
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The double-heterojunction laser diode requires relatively 


low drive current and voltage (less tkan 400 nillianperes at 
2 volts). 


Laser diodes have not been widely used due to 
several problems. First, relatively small changes in 
Beuperature can change the output significantly. ПЕСНЕ 
enough temperatures are reached (without increasing applied 
current), the threshold current of the drive may increase 


sufficiently to prevent lasing. 


Second, laser lifetime remains a problen. Although 
actual  laser-lifetime data is not vet available , data 
interpolated from selected Samples translates into а mean 
time between failure of only 10 hours for some lasers with a 


heat sink temperature of 22C. 


The third big problem area is achieving an efficient 
coupling of laser to fiber. This should be alleviated with 
construction techniques that attach a short length of fiber 


directly to the laser pellet. 


N 
г 
It 


ber Optic Cables 


~ 


Most early fiber optic systems employed bundles of 
КО еге packaged together Ina single link, all carrying the 
Same signal. This redundancy was necessary largely becauss 
ШЕРГЕ ПП probability of breakage in long length cabies 
and the off-the -shelf nature of components which could 
couple to the fiber bundles. However, as reliability 
increases and the cost of ultra low loss glasses remains 
ПЕ (гелі is towards single multimode fiber cable 
Bert laurations, each with its own discrete light source and 
detector, with perhaps 4 to 6 single fibers incorporated 


ео ап actual cable design. 





As previously mentioned, present day fibers are made 
from high purity silicas, doped silicas, silicat2 glasses 
and various polymers. Fiber core-cladding geometries fall 
into three categories: (1) step-index multimode, (2) graded 
шпаєх, іп which the imas санае топ decreases 
continuously with increasing distance from the fiber axis, 
and (3) single-mode step-index, in which core diameters are 
reduced to a few microns so that oniy one mode will 
propagate. The difference in index of the core and cladding 
materials determines the angle of light acceptance of a 
бег, 115 numerical aperture (NA). Cladding thickness and 
the NA of a fiber also effect the minimum radius to which a 
fiber can te bent before light is ejected and lost from the 
waveguide and are therefore important for both microb=nding 


and cross-talk problems. 


Plastic fibers in use today are normally fabricated 
from polymethyl-methacrylate (PMMA) and polystyrene. As can 
be seen from Fig. 48, the 105525 are quite high, but there 
moma GOOG possibility of reducing attenuations perhaps to 
Еле 100 dB/ka level at certain selected wavelengths. These 
losses result from very high scattering losses due to both 
unwanted suspended particles and high interface losses. 
Plastic fibers offer excellent mechanical properties near 
OO" temperature and do not suffer the brittle fracture 
problems of the glasses. The coodi radiation resistance, 
licht weight, mechanical flexibility and breakage resistance 
of plastics makes then гас тус Сог short rın 


applications. 


В: Connectors 


———- mam u = m = = 


Srlices Dor Joining lengths of 
optical-ccmmunications cable must provide low-loss, quick 


but permanent connections, and also be small, lightweight, 
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ЕНІ rujged. Single-fiber splicing losses of Jess than 9.1 
decibel have been reported in the lab but have yet to be 
demonstrated in the field. 


The most critical parameter, ахла! ог lateral 
БЕШИ еве, is also the most difficult to control. Slight 
offset between the two fiber ends dramatically increases 
optical loss. Alignment accuracy in zme Förder of 
micrometers is needed, thus requiring similar machining 


tolerances of the associated hardware. Three currently used 


в а 


techniques will now be presented. 

One splicing technique in widespread use is the 
precision sleeve or tube, which by conforming precisely to 
the outer diameter of the fiber, guides it into position and 
then holds it there. This method is most suitable for 
single fibers or small cables. Bell Northern Research has 
developed a splice using this technique in which a stainisss 
steel preform tube is crimped into the -1Бег! 5 plastic 
саспа. With a silicon fluid pre-injected into the 
splicina element, insertion losses average 0.3 decibel from 


a LED source. 


Another technique used by Bell Telephone 
Laboratories is the loose tube splice which exploits the 
self-aligning tendency of fibers ina "V" groove as shown in 
pus top Of Fig. 49. Prepared fiber ends are inserted into а 
rectangular tube already filled with index-matching epoxy. 


Losses average about 0.1 dB when a laser source is used. 


Another single fiber connector, a variation of the 
precision sleeve splicing element, nas been developed оу 
Bell Northern Research for use with volastic-coatedá multimole 
fibers. The system uses a plug and jack arrangement shown 


Me lower portion of Fig. 49. The plug and its mating 
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jack are nounted separately on a fixture, prepared fiber 
ends are inserted into each connector half until they butt 
against the fixture's stops, and the stainless-steel tubing 
is erimped into the fiber's plastic coating. The plug and 
jack are then mated, using a knurled coupling nut оп the 
plug and a bulkhead panel mount on the jack. Typical 
rematable insertion loss is 1 dB when an index-matching 
Mund and a LED source are used. When installed іп 
prototype fiber-optic systems , both with and without 
index-matching fluid, these connectors showed tvpical 
insertion loss variations of less than 0.2 dB after being 


remateá up to 100 times. 


Connectors that termirate or couple fiber bundlss 
differ frcm single-fiber connectors in the way they deal 
with fiber alignment, handling , protection, and optical end 
preparation. The alignment of a fiber bundle with a L*D or 
laser diode source, photodetector, or other bundles is far 
less critical than the alignment of a single fiber. The 
coupling losses depend heavily on the degree of lateral 
Misalignment. Other less critical parameters ar2 tne size 
of the дас between prepared fiber ends, and angular 
ENS onnmnene of their center lines. Angular misalignment 
Menon :19 for bundles of optical fibers and half that for 
Single fibers results in acceptable losses of from 0.1 to 
ша ав. Pciishing of fiber ends to present a chip-fre==, 
scratch-free, flat surface, perpendicular to the fiber 
centerline, is necessary to prevent light scattering. 
Polishing procedures are different for bundles and single 
Ес ав a quick, efficient process is of prime importance 
Sor operational use. Coupling losses depend on the size and 
number of fibers in the bundle, the core-to-cladding ratio 
of each fiber, and the numerical aperture of the fiber 


~ 


bundle. Losses from fiber bundle to fiber fall between 2.5 


зоюо.5 ав. 
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Source-to-fiber and fiber-to-detector coupling 
efficiency varies not only with the connector but with “he 
device characteristics and how well the fiber is matched to 
either detector or source.  Source-to-fiber bundle couplinq 
loss can vary from 3 to 14 dB with off-the-shelf devices 
while fiber-to-bundle-to-photodetector сошришта _ Јов и сан 
Шу гол 0.5 to 8.5 dB. ITT Electric has recently marketed 
a single-fiber-per-channel connector which can b2 used to 
join two single fibers or to couple a photo or LED or laser 
mode to the fiber. 


Mciwer —Eecent arrival is the molded thermoplastic 
eonmector, which is inexpensive, fast, and reliable. THIS 
connector is tighter than the metal connectors and 
interferes less with the optical polishing of the bundle 
ends. It can be installed in the field by people without 
eeeectal skills or training. insertion loss is about 3 dB, 


but can te reduced to 2 dB by using an index-matching fluid. 


ц. Detectors 


The receiver portion of any fiber system requirss a 
photodetector that responds strongly to both the peak cutput 
4avelength of the sources and the low-loss spectral portion 
Of the fiber cable used.  P-i-n diodes best fulfill these 
requirements. High performance Bern type sil con 
photodiodes have been in production for many years and cost 
less than $1 each. They exhibit nanosecond response times 
and can have a dynamic light-level range of 8 to 10 orders 
of magnitude at rleatively low bias voltages. Their peak 
response between 850 and 950 nanometers matches well with 
the peak emissions of light-emitting diodes and the low-loss 


плес ва regions of optical fibers. 


1-1 





5. Couplings 


In a multiterminal fiber- optics communication 
system, light signals have to be tapped at intermediate 
points along the data bus. Currently, two fiber-coupling 


configurations are used, one employing access or "tse" 
couplers and the other using a radial-arm or "star" coupler. 
Figure 50 shows tne two methods and the equations *o measure 
their performance in terms of the loss introduced between 
pairs of remote terminals by the distribution systen itself. 
In a serial system with access couplers having a constant 
tap ratio, the optical power decreases as the signal travels 
through more couplers, while a parallel system using a star 
coupler, the optical power is independent of the pairs of 
system terminals being considered. As the number of 
terminals in a system increases, the distribution lossas ої 
the serial fcrmat grows rapidly while those of the parallel 
format increase gradually. With low-loss connectors and 
couplers for Single fibers, serial distribution  Á systems 
should be able to handle at least 20 terminals without 
consuming an unreasonable vroportion of the available power 


budget. 


Since the parallel system needs only a single mixing 
pom t doesn't suffer  signal-level or dynamic-range 
problems. The more constant signal level available with 
parallel systems ninimizes the compe xt y of both 
transmitter and receiver design. But the cost of this 
hustorudsty is offset by the additional amount of fiber cable 
needed. A star coupler was used in a fiber Op icC 
ШОО ernal aircraft data link for carrying flight control 
signals in a successful test aboard an Air Force С-131 


иста. 
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6. Modulation 


The conventional method of loading information onto 
the light beam is by modulating the injection current of the 
ЖЕНІС Source itself. Sperry Rand Corporation's Sperry 
Research Center in Sudbury, Mass. has developed an 
electro-optic device that modulates the light beam after is 
= теаду сп the fiber, This approach not only eliminates 
EnEelectronic-to-optical interface,but could prove to be 
usefull at very high frequencies where the response of the 
light source may be inadequate. in addition, the basic 
modulator design can be used to switch data alona different 


patns, a requirement of multiplexers and data buses. 


The Sperry modulator is based on a thin wafer of an 
Aee To optical crystal, such as lithium niobate or lithiun 
tantalate, having a refractive index that changes when a 
voltage is applied. When no voltage is applied, only а 
small percentage of light entering the crystal will reach 
аш output fiber. When voltage is applied то the 
electrodes, the index of refraction in that part cf the 
erystal varies, changing the angle at which the light 
enters. The incoming light tends to be guided along the 
metal-electrode path to the output. The amount of light at 
the output depends on the applied voltage so that output is 
intensity modulated. А 50% mođulation depth could be 
e ained by applying 145 volts rms, with a throughput lcss of 
18 ав апа a kandwidth larger than 600 megahertz. One 
ПР аса percent modulation requires 900 volts. However, the 
throughput loss may be substantially ceduced (with a slight 
üncredse in required voltage) by butting the fiber up 
against the crystal so that the axis of the fiber is пох 
perpendicular to it. Por 50% nodula ion, ehroughpuc loss 


m 00 dB at 23 volts, and the Voltage required for 
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100% modulation can ре reduced to 225 volts. 


eee APPLICATIONS 


In addition to the impressive credentials already noted, 
fiber optic technology is extremely versatile. Unlike many 
other air data sensors that may be utilized to measure only 
опе specific parameter, fiber optics can handle a variety of 
tasks, and new applications are being found every day. 
specifically, fiber optic digital status-monitoring devices 


can be used to measure: 


(1) Linear displacement 


(2) Rotational displacement 


(3) Strain 


(4) Temperature 


(5) Pressure 


(6) Fuel level 


"Event counting 


(в Flow rate. 


Some of the major applications will now be presented, 


starting with the ALOFT project. 





ПЕ СЕИ НАТО Е 
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emonstration 


The ALOFT (Airborne Light Optical Fiber Technology) 
demonstration was a two year program sponsored by the Naval 
Air Systems Command. The program was designed to satisfy 


five specific objectives: 


ОТЕТ that fiber optics is а pratical, mature 
technology for use in internal aircraft data 
signal transmission. 

ШІ esonstrate the feasibility of a full system 


application. 


(3) Provide an operational demonstration to compare 
tne performance of fiber optics with the 


perfcrmance of existing wire systems. 


(4) Acccmplish a meaningful, low-risk step toward 
the development of a full multiplex data bus 


avicnics system. 


(5) Predict its future worth through estimates of 


life-cycle costs and expected benefits. 


Initial project funding was received by NELC (Naval 
pNcctronics Leboratory Center) from NAVAIR in March 1975. 
The Navigation and Weapons Delivery System (NWDS) in a Navy 
A-7 aircraft served as the primary demonstration vehicle іп 
which s<lected wiring was replaced with multiplexed optical 
ша links. In August 1975 ап industrial contract was 
awarded to design, develop, and fabricate a multiplexed 


subsystem that would provide the optical communications 
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links between the заесвав с sdetiealgeosnputer апа 
peripheral avionics units. A number of Governnent and 


industrial activities contributed to the overall program 
effort: 


(1) NAVAIRSYSCOM-program sponsor 

(2) NELC-rrogram management 

(3) Naval Weapons Center-software development/fliaht testing 
(4) IBM-prire contractor for hardware development 

(5) TUTT-computer interface connector 

(6) LTV-ground test simulation/aircraft installation plan 
Meme ALTrC-friber optic ca»les 

(8) Sealectro-bulkhead connector fabrication 


EDU 5pectronics/Hewlett-packarc-LEDs/photodetectors 


The original A-7 data communication system in the 
NWPS is а pcint-to-point system which uses twisted pair and 
coaxial cable interfaces. One hundred and fifteen (115) 
slqnals, normally transmitted over individual wire channels, 
were multiplexed into thirteen (13) @ p Tc a l channels 
(cables) converging at one optical connector at the computer 
Шак гасе. The fiber optics configuration reduces cable 
Рт 7 21 tines without Increasing susceptibility to МІ. 


A comparison cf the two systems is shown below. 
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Original PESOS 


Wire (mult) 
Number of wires/cables 302 13 
Length 1890 ft DU SET 
Cables/connectors, wt ӘМ; 9:25 2 PD 
Cables/connectors, $ 0.35% 0. 24k 
Termination/test, $ 1.28К 0.2Uk 
TOTAL COST $ 1: 63k 1.03k 


The system underwent flight tests in the sprina of 
1976 at Naval Weapons Test Center, China Lake, climaxing in 
a bombing and rocket firing demonstration in May. The 
Optical system matched the performance of the existing fleet 
eoprıquration, and the pilots could not detect any 


meee torence, 


ANALYSIS 


The ALOFT project has demonstrated that substantial 
reductions is weight and size are possible. The fraedom 
from ground loops, the low cross talk and the much greater 
bandwidth make multiplexing possibie with optical fibers and 
difficult or impossible with the wire system. The major 
payoff for avionics systems using fiber optics comes fron 
electromagnetic Compatibility: This should result in 
substantial cost savings in the design and test phase of 
advanced aircraft. In addition, the increased use of 
со проза Ез materials in aircraft makes RFI and EMI imaunicy 


crucial to performance. Fiber bandwidths permit tke use of 
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serial rather than parallel transmission techniauss. 


Tbe major stumbling block, which is being addressed 
БЕР “Пе Tri-Service FO Committee, is the lack ОЕ 
military-qualified components for optics systems.  NELC and 
МАРТ have joined together to draw up a Manufacturing and 
Technology program f Om avionics applications. 
Sseemdardization of cables and connectors is being 
emeoureged, and cost, reliability, and failure analysis 
studies of all components are underway. Radiation effects 
must be eliminated before fiber optic systems can be 


employed in cperaticnal applications. 


An advanced Navy P-3 aircraft weapons system 
BEROTEUS) with a fiber optic interface is a candidate for 
BHesrtrrst actually deployed fiber optic avionics system. 


Possible application areas include а 10 MHz in-ercompucter 


channel, a 10 Hz to 30 MHz video channel anda 8 Hz to 40 
KHZ acoustical channel with a 48 dB dynamic range. 
Lockheed, California of Burbank has designed the systen. A 


fiber optic transfer link has been configured and evaluated 
che P-3C integration test facility at Burbank with 


totally satisfactory performance. 


The P-3 fiber optic system is expected to reduce 


ШІ Бу а factor of 10 and volume Бу а factor of 3 


compared to the copper wire systen. Electromagnetic 
Gompatabili* is again the qreatest рауогі with 
electromagnetic crosstalk, interference, ground 19025, 


impedence matching, and security problems greatly reduced or 


елы: па ея, 


Leckheed has successfully developed a fiber opti 
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interface for the P-3 which included the design of external 
serial to parallel and parallel to serial converters Гог he 
30 bit parallel information links. Galileo fiber optic 
bundles of lead silicate glasses with losses of 700 dB/km 
were used, similar to the Valtec fibers employed in the 
ALOFT project. Both of these fibers have been shown by NRL 
to be unacceptable in operational systems because of hiah 
sensitivity to radiation. Тре 2-3 system is being 
contemplated for FY 1979. 
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Although the laser gyro has been around for 14 years, it 
is getting renewed attention for some specific applications. 
These include Short-range tactical missiles, aircraft 
inertial navigation and attitude/heading reference systans, 
Shipboard stabilized platforms and possibly some space and 
strategic applications. Boeing is considering a Honeywell 
laser inertial navigation systen as one cof three 


strapped-down systems for its 7x7 transport. 


i intrinsic characteristics of themlaser аүто that 


Noct attractive are: 


(1) Performance that is unaffected by a high-g 


environment. 


ШТ хп absence of rotating parts Which sugqgescs high 


reliability and minimal maintenance. 
ENS -curacy is largely independent o£ cost. 


(4) Extended warm-up is not required. 


Two manufacturers, Honeywell and Sperry Flight Systen 
(who developed the first laser gyro en 993), have 
competitive designs that will be presented in the following 
pages. The Honeywell design has achieved the lowest errors, 
while Sperry Gyroscope's device has yielded the smallest 


overall size and weight, with sufficient accuracy for 
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tactical missile applications. 


A basic difference between the Sperry апа Honeywell 
desiqn approaches is the method used to minimize 


interference between the gyro's two contrarotating laser 


beans that occurs when the unit is at rest or is 
experiencing low angular rates. Honeywell utilizes 
mechanical Ose ile ton, called "dither", while Sperry 


selected an cptical means to solve this problem which is 


known as "mode-locking." 


The other major difference in the +wo designs is the 
fabricaticn of the laser cavity. Honeywell employs an 
integral design in which the entire path length of the gyro 
Bunctions also as a laser cavity. Sperry, on the other 
hand, builds its laser as a separate unit, sealed in a glass 


enclosure. 


The Naval Air Systems Command has funded a program at 
Honeywell whose objective is to find a means of mass 
producing the laser gyros at low cost. in addicion; e 
Navy has Ггидав?етед пгагіу $10 million over the next few years 
to develop the knowledge and manufacturing techniques that 
Ex zeduce the cost of building laser gyros. One of the 
major stumbling blocks is the interaction of the laser bean 
and the mirrors used in Sperry's design. Factors such as 
паша drift, lock-in threshold, lasing threshold, and null 


stability must be considered. 


The USAF Office of Scientific Research jis sponsoring 
work at Stanford University on mercury lasers for possible 
use in laser gyros and other applications. The improved 
ваем су of a mercury laser could significantly improve 


gyro perícrmance. 


Mie the "erst production application laser Jyzos will 
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provide pitch and roll axis stabilization of a Mark-68 fire 
control system for shipboard anti-aircraft guns. But +he 
largest potential market for laser gyros is expected to be 


in tactical missiles and long-range glide-bomb weanons. 


A. HONEYWELL LASER GYRO 


Honeywell has taken the laser concept and developed it 
to its most accurate implementation to date. This was borne 
out by extremely successful tests in 1975 of a Honeywell 
laser inertial navigation system (LINS) which caus=d the 


Шет Force to propose a major effort in Fiscal 1978. 


The Honeywell system was operated for 1,300 hours, 
including 65 hours in flight onboard a USAP Lockheed С-141. 
ІІ the flight tests it exhibited an overall error of only 
шаецца са? mile/tlight hour circular error probability 
(CEP): Honeywell reported that during the 1,306 hour test, 
the system did not experience any failures and did not 


require any system recalibration. 


Honeywell's approach to the "mode-lockina" problem, 
which yields higher accuracy, is to use a high-frequency, 
Seal) amelitude mechanical oscillation ("dither") of the 
entire laser gyro about its sensitive axis. Each gyro must 
be oscillated about its own sensitiva axis which recludes 
the possibility of combining the three laser gyros into a 


small cluster. 


Another part of the cost-reduction prograa mentioned 
earlier calls for Honeywell to deliver a prototvp2 aircraft 
inertial navigation system with no more than a 1-naut. 
Mi. hr. rrcr performance that can be packed into a 3/8 


Новев те case (the previous system occupied a full ATR 
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case). 


The  GG- 1342 vas developed to meet this requirement, and 
employs a path length of only 12.6 inches compared to a 
length of 17.1 inches in the GG-1300. The new gyro still 


provides comparable accuracy, however. 


In addition to the GG-1342, Honeywell is using company 
funds to build a laser inertial system designed to be 
Миша сп an aircraft carrier, for flight tests оп а 
Grumman F-14 and McDonnell Douglas F-4 in mid 1978. With 
this systen, Honeywell hopes to exploit its present 
Б артайс in being able to produce laser inertial systems 


ШІСІ вессег than 1 naut. mi.yhr. performance. 


O ERRI FLIGHT SYSTEMS LASER GYRO 


Sperry has chosen a design that yielded the smallest 
Шазев дуго in overall size and weight, with accuracy 
sufficient fcr tactical missile applications. This 4Аез1ап 
permits three laser gyros, with their sensitive axes 
orthogonally oriented, to be fabricated in a sincle cluster 
that measures only 4.5 inches in diameter and 4.5 inches 
mana, excluding gyro control circuitry. SIC TREE 
Laser Inertial Cluster, 7 inch laser path length) is tre 
name given to this miniaturized design. When combined with 
accelerometers and digital computer to form a complete 
inertial guidance system, it can be housed in à cylindrical 
container measuring only 6 inches in diameter bv 9 inches 
Шәй ШШ hat welghs 14 1b. Sperry plans to use a SLIC-; to 
explore the use of strapped-down laser gyros for military 


attitude-teading reference system applications. Spe has 


H 
O H 
be 


operated some of its laser tubes, used in the gyro, for more 


than 6 years and 55,000 hours without a single failure, and 
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complete laser gyros have operated for more than 20,000 


hours without failure or need of maintenance. 


The long-term stability and "shelf-life" of the current 
laser gyro is borne out by the performance of a gyro used at 
the Naval Weapons Center. The device was tested for 6 
months, stored for 2 yedts, tested „ stored another 2 years, 
and tested a third time. At the end of the 4 year 6 month 
period, its performance was SETIT “ithinn original 


ewe cifications. 


шина cedundant six-gyro cluster (using older SLIC-15's) 
which is being developed for NASA's Marshall Center, each 
gyro can detect motion about 2 of an aircraft's three axes 
Ste motion. This feature improves accuracy (all six gvros 
operating) and enables the system to detect malfunctions 
automatically in any 2 gyros and disregard their erroneous 


data, 


perry is. solution of the Mmocde-locking" problem rs ар 
optical approach which eliminates all moving elements from 
pne laser ауто. This optical technique emplovs the Kerr 
Transverse Magnetoptic Effect which is sometimes referred to 
as "magnetic mirrors." These mirrors are placed transverse 
to the plane of incidence o? the laser beam. When a field 
is applied tc the mirror, rt causes the phase of one beam to 
be advanced while that of the contrarotating bean is 


e 


retarded. 


One disadvantage of the magnetic mirror technique is 
that it intrcduces considerable path loss within the optical 
cavity, which in turn degrades performance. 5 Е. 
Seerry 15 investigating the™possibte use of magnetic garnet 


Geystals to reduce optical path losses. 


Sperry's fabrication A case E cavity differs 





significantly from Honeywell's. The laser is built as a 
separate device, sealed in a glass enclosure. 
Independently, the optical paths for the laser are  machined 
into a Cervit block, after which the mirrors and laser tube 
are simply installed without the need for vacuum sealing. 
mires entire cluster is placed in a metal enclosure and then 
evacuated.  Sperry estimates that its three-gyro cluster can 
be built for little more than the cost of a single-axis 
Honeywell gyro. Furthermore, Sperry believes that a full 
SLIC-7 inertial guidance system could be built todav in 
quantity for approximately $18,500, possibly dropping to 
$10,000 in tine. 


Another advantage of the Sperry design is that the laser 
КЕ itself has no opportunity to interact with the mirrors, 
which eliminates the problems (random drift, etc.) mentioned 


earlier. 


ANALYSIS 


Ther= have been tremendous advances in the laser gyro 
concept, but present laser gyro technology is far from 
achieving the extremely high-accuracy/low-driftt rates of 
more conventional precision gyros. However, these gyros 
remain desireable for military applications due to their 
ability to орега+ = та high-q environments with no 
degradaticn in performance. The lack of moving parts could 


possibly pay large dividends in reliability. 


The concept deserves further ‘testing and development, 
Mech 15: із ‘getting through Navy and 21 = согсе prograns. 
The progress made in these programs should be monitored 
closely, and another evaluation made when more data is 


available. 








VII. TEMPERATURE 


At the present time, the thermocouple is the most common 
device for temperature measurement. resistance temperature 
@etectors (RTDS) are rapidly gaining acceptance in the 0.5. 
This trend toward greater usage of resistive devices can be 
attributed to decreasing sensor and associated instrument 
costs. There are. five basic sensors, both active and 
passive. The classification of the five basic temperature 


sensors and their operating ranges are shown below. 


ISOR CLASSIFICATION OPERATING RANGE,*C 
Active sensors (no excitation) 
Thermocouples zo 3709 783,000 


Radiaticn pyrometers +1,000 to +4,090 


Passive sensors (excitation required) 


RTDs -273 to +1,000 
Thermistors 2 2 
Semiconductor junctions -273 to +150 


The wide temperature range of the thermocouple makes it 
particularly well suited for use in hostile environments in 
today's aircraft applications. Radiation pyrometers offer 
the highest temperature range and have been used to measure 
turbine  tlade temperatures ( this application will be 
presented in subsequent pages). Each of the sensors listed 
above have limitations, some ої which can be alleviated by 


proper interfacing of the sensor and its readout device and 
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:EMeEESPEIate selection of signal circuitry. 


Thermccouples operate on the Seebeck principle: when the 
junctions of two dissimilar metals forming a closed circuit 
are exposed to different temperatures, a net electromotive 
force is generated which induces a continuous electrical 
current. The thernocouple measures only the temperature 
difference between its reference junction and the measuring 
junction. Therefore, system accuracy depends on reference 


junction temperature compensation. 


Resistive temperature detectors (RTDs) utilize the 
temperature coefficient of resistance as the basis for 
measuring temperature. Various circuits can generate an 
output signal for readout as a function of resistance 
Change, including classical" bridge configurations. Most 
metals used to form RTDs exhibit a positive temperature 
coefficient of resistance, a relatively stable function as 


compared to the output of thermocouples. 


One of the main disadvantages of RTD measurements has 
historically been the high ccst of sensors, but less 
expensive ones are becoming available. In addition, the 
lead wires fcr RTDs cost much less than the extension wires 
normally required for TCs (thermocouples). Improved 
platinum sensors and other materials such as nickel are 
beccming more widely used. Platinum TOS nackel “REDS are 
relatively insensitive to parasitic thermal emf's , and can 
Operate quite satisfactorily with standard copper-plated 


extension wires. 


Of all usable metals platinum best meets the 


pequirements of thermometry. It can be highly refined. It 
jt 


asists ccntamination. It is mechanically and electrically 
stable. The relationship between temperature and resistance 
is quite linear. Production units can be made closely 


148 





interchangeable in calibration. Drift and error with age 


and use are negligible. 


I output level “of a typical RTD is higher than the 
output of a thermocouple. Measurement is based on the 
increase in resistance with temperature, and hence 
excitation current must be applied to the sensor so that a 


measureable voltage output can be generated. 


Nediation pyrometry, an indirect mmoncóntact technigu>, 
permits a target's temperature to ре inferred by measuring 
its radiated energy. This technique possesses a number of 
advantages: (1) it can measure temperatures above 3,000 05; 
(2) it neither damages the measured object nor is itself 
harmed by the object; and (3) it can monitor moving targets 
and large surfaces. Either spectrally selective techniques 
or total radiation can be used for temperature measurement. 
Brightness or optical pyrometry is the most common form of 


спе latter technique. 


Two examples of state-of-the-art temperature measurenent 
techniques will be presented in the next section. The first 
uses radiation pyrometry and imaging methods (like 
photography and photoelectric scanning) to make accurate 
temperature measurements on turbine airfoils. The second, 
employs electronic circuitry and an LED matrix to detect and 


graphically display engine over-temperature incidants. 


АЕ TURBINE ELADE TEMPERATORE NEASUREMENTS 


The desire to operate with higher turbin2 inlet gas 
temperatures (and thereby obtaining higher efficiency) hnas 
ШЕП to engines With cooled turbine blades. The upper Балта 


in the turbine inlet gas temperature is strongly determined 
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by the required кигте e Ms a cune tion Of air oil 
temperature and stress levels. The goal of thə turbine 
БЕШІШПӘ  4г514 is to maintain the airfoils at the design 
temperature without producing any severe thermal gradients 
on the airfoil surface. 


Surface temperature distributions are used at NASA-Levis 
Research Center to experimently evaluate the performance of 
cooled turbine blades and vanes in ground based turbine test 
facilities (Ref. Заў The temperature distribution 
measurement techniques which wili be described are 
invaluable in heat transfer, thermal stress, and blade life 


studies and rrovide correlation with analytical prediction 
cte 


methods. An infrared (IR) photographic method was selected 
for temperature measurement of Stationary vanes using 
conventional photographic equipaent along with a 


densitometer and a computer for film data reduction. 


A photoelectric scanning system was developed for 
obtaining temperature distribution measurements on  rotatinq 
turbine klades having blade tip speeds up to about 400 
meters/second. This turbine blade pyrometer combines fiber 
ӘӘбісе with high speed electronics plus a computer for data 


Сео. 


NASA-Ləwis refers to Ttheirzeustöonizee phoroelsctric 


system for temperature measurement on rotating blades as a 


iD 


turbine tlade pyrometer (TBP). The optics together with th 
high speed electronics of the TBP are capable of resolving a 
spet diameter of 0.05 cm on a blade moving with speeds up to 
300 to 400 meters/second. Near real time displays of 
ШШ огл йге profile are generated тог e single blade or “or 


small groups of blades at steady state conditions. 


SER diagram Of the TEPIS Shown in Fig. 51. ne 


Protected. fiber-optic probe (1) 15 positioned in the engine 
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ап асспатог, and the fiber is focused in the plane of the 
turbine Г1адез. As the heated biades rotate, the emitted 
radiation from the spot location (02.05 en diameter 
mastentaneous field of view of the fiber) is transferred 
optically to a fast response silicon avalanche detector (2), 
thereby generating a continuous high resolution intensity 
profile which is monitored on an oscilloscope (3) during the 
best. The amplified detector output is digitized by an 
analog to digital (A/D) converter (4) at ranges up to 2 MHz 
rate. A blade position sensor (5) supplies a trigger signal 
when the 15: test blade enters the field of view. This 
causes a 200 point sample of the digitized detector output 
to be stored in a high speed memory (6). Random noise may 
be averaged out by repeating tae process a number of times. 
The 200 data points are transferred from memory at a slower 
rate to the computer (7) where each point is converted into 


temperature from a "Look-up" table. 


Inc ruining бапа “contro. Гоа: ircuit (9) provides 
interchange of control between the computer, the memory, and 
the A/D converter. The system performs all the required 
operations and presents data on a CRT display in the form of 
a temperature profile and a listing of the 200 points making 
up the profile. A hard copy of the turbine blade 
temperature record (9) is nade in the test cell in about 3 


seconds. 


The system can also “obtain a series of scans over a 
Че ог radial locations, using ne probe actuator, and 
Don them in an isometric view, O£ alternately as a 
+wo-dimensional contour пар of temperature distribution with 
additsonal ccmputer processing: 

An example of data obtained with the TBP system is 
illustrated in Fig. 52. A group of conventionally cooled 


turbine test blades shown in the figure were instrumented 
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with surface thermocouples. Comparison of TBP and 
thermocouple measured temperatures agreed to within 2% o£ 


temperature (expressed in degrees C). 


B. TURBINE ENGINE HOT SECTION DISPLAY CONCEPT 


The required frequency of inspection, servicing and 
overhauling of gas turbine engines is to a large extent 
determined by the history of excessive ог over-temp 
conditions of each engine. ELDEC Corporation has developed 
a device to monitor and record 2ach such over-temp condition 
(Ref. 32). The system employs electronic circuitry for 
processing a temperature Signal from the engine in 
Gongunction with an LED matrix to graphically display each 
over-temp condition. when the engine temperature exceeds a 
threshold over-temp point, this occurrence is sensed and the 
prouitr)y within the соскра с по аза m tunct:onswtto 
automatically store and visually display the engine 
temperature as a function of tine for the succeeding several 


seconds after the over-temp condition has commenced. 


All the diodes of the matrix lying under the temperature 
versus time profils» that lie above the over-temp reference 
point are energized so as to present a histogram display of 
the severity of the condition, where the severity is a 
function of the magnitude and duration of the over-tem . 
Another version of the concent senses, graphically disclays, 
and stores for later retrieval a succession of over-tenp 
events. Maintenance personnel may supsequently interrogate 
the indicator which will sequentially display each recorded 


or electrically stored over-temp event. 


In operation, the HSD (hot section display) senses an 


alectrical signal representing the magnitude of a salient 





engine temperature, such as the turbine inlet (TIT) or 
exhaust gas (EGT) temperature, aná processes it. The 
commencement of an over-temp condition is sensed and the 
Epcustrwv begins to digitally store the instantaneous 
temperature magnitude at each cf a plurality of succseding 


time intervals. 


The temperature versus time information is then 
graphically presented by selectively energizing the 
appropriate rows and columns of the LED matrix. Temperature 
is displayed on the vertical axis, while time is represented 


on the horizontal axis. 


The intensity of the histogram -typ2 graph (the number 
oz diodes energized) is a function of the severity of the 
temperature versus time characteristics of the engine's 
Ener temp condition. This type of display is quickly and 
easily interpreted by the aircrew, resulting in the timely 
execution of corrective procedures. Closer inspection of 
the stored information by maintainence personnel can reveal 
the maximum temperatures reached and the time duration over 


which the excessive temperatures occurred. 


Hunc top oi Tig. 53 isa functional block diagram of the 
Hot Section Display concept showing the LED graphical 


display matrix. The bottom of the figure shows a graph of a 


(D 


typical engine over-temp event as a function of ti 


m 
Б 


(D 


illustrating a brief over-temp excursion of the ty 
d 


(D 
- 


monitored by the instrument. Figure 54 shows ELDEC's Mo 
pO This instrument combines TIT vertical scales 
(analog) with 7 segment (digital) displays and includes a 


HSD above each engine channel. 


155 





nj 


rj 


iD 


(л 


TEMPERATURE °С аф» 


ENGINE 
TEMPERATURE 
SIGNAL 
SOURCE 


Sig а 


840 


TOP: 









о о — — — — — — «шә. — —  — ша 


ОУЄВТЕМР 
THRESHOLD 


TIME =» 


PUNCTIONAPPH SDD POS SK (DIAGRAM, 


TY PEGA Le OVER Рава во А 


156 


B 


OT TOME 





| mm) | 
-$ eno) 
о N 
3 = 
9 
с? 
> 
— 
co 
с» 
ШЕ. 
eu c— 


h 
ШЕГІ 
b 


© KO 
Se ire 
© N) 


Figure 54 - ELDEC MODEL Bon 


157 





ANALYSIS 


Thermocouples offer the capability to measure =xtremely 
high temperatures, but have inherent problems concerning 
об zewee points, accuracy, and drift. The advances in RTDs 
са result in their use instead of TCs in applications 


not requiring high temperatures. 


The turbine blade temperature measurement technique is 
presently used only in the lab. However, it 15 entirely 
possible that in the future a similar scheme could bs used 
to monitor turbine blade cooling as part of an automatic 
engine ccntrol system. The feasibility of such a system 
must be evaluated as further advances in this technique are 


made. 


The Hot Section Display concept is developed and ready 
for use. It blends several state-of-the-art trends into an 
efficient instrument. The advantages of fiber optics are 
put to good use anda simple, easy to read and interpret 
display cf engine over-temps can be combined with vertical 
and digital displays. The real payoff comes in storing the 
Magnitude and duration of the over-temp condition which will 
dispell any uncertainty as to the severity of the event, 


thus preventing unneccessary and costly maintenance. 
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Fuel quantity systems have been notoriously inaccurate 
and unreliable in military and commercial аса 
Capacitive systems in use today exhibit continuously 
increasing errors as aircraft fuel is consumed especially 
when fuel quantity approaches the critical value. It has 
been observed that the present state-of-the-art capacitor 
type fuel quaging systems are prone to various errors due to 
snall signal variations resulting from weather changes, 
wiring and connectors as well as other component 
malfunctions. Such systems have been found to have errors 
exceeding 1% of tank capacity plus 2% of reading, which 
means an aircraft carrying 100,000 lbs fuel may actually be 
carrying only 297,000 lbs. As the fuel quantity decreases, 
the error increases, and may go as high as 12% in some 


Systems. 


These errors are due to a combination of the following 


BACTOLS: 


(1) Fuel chemistry variations 

(2) Thermal effects 

(Nin st eument inaccuracy 

(4) Inaccurate height vs volume data 


(ОШ nanges in aiccrart artırude 
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(6) Ning twist and deflection 
(7) Manufacturing tolerances 


(8) Fuel contamination. 


In addition, system malfunctions can be attributed to 


one or mcre of the folloving: 


(1) Electromagnetic interference 
(2) Stray capacitance 

(3) Line leakage 

(4) Poor workmanshi 

(C siIsci:rical component failuse 


(6) Humid environment. 


Grumman Aerospace Corporation's Advanced Design Group 
initiated an internallv funded program in November of 1973 
Whose objectives were (1) to minimize fuel quantity system 
errors, ard (2) reduce aircraft maintainapility 
requirements. The program resulted in a patənted fuel 
твари ву probe (U.S. Patent §43,995,168) which will De 


presented in the following pages. 
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А. ELECTRO OPTICAL FLUID MEASUREMENT SYSTEM 


The Slectro Optical Fluid Measurement System was 
invented by Frederick Neuscheler and John J. Connelly 
(assigne2: Grumman Aerospace Corporation). The patented 


design (see Ref. 33) is a fuel probe with a digital 
detection interface which includes the following: a light 
source and  photodetectors to sense fuel level; and an 


optical desimeter to sense fuel density. 


The system utilizes Snell's Law in reflecting light from 
an air/liquid-probe interface. Figure 55 shows the fluid 
level probe (26') which is a housing containing a group of 
МАНЕ transmitting fiber-optid bundles (221) and a greup ої 
meant Conducting fiber-optic bundles (24%): The fiber-optl 
bundles are supported by a plate (38) on one face of tas 
housing and emerge in paired groups at a multiplicity of 
locations (windows or ovotical-interface2s) (40), (42), (44), 
(46), (43), (50), (52). The sensitivity can be increased 4s 
fuel is exhausted by decreasing the spacing between the 
fiber-optic bundles. Irregular spacing can also be used to 


handle irregular tank shapes (see Fig. 56). 


Figure 57 shows a frontal view and side view of the 
plate Support, which is a thin elongated rectangular 
Serc tür. A typical window is Shown in the top of Fig. 58 
in which fiber-optic elements (68) and (70) have been 
inserted into the triangular cavity whose surfaces (60) and 
по пас а 45° angle with the рае с гасе The Optical 
шанс асе (72) is a glass ор clear plastic prism-like 
structure which fills the cavity and may serve to align and 


space the fiters. 
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“hen the fuel level is below (72), the light carried by (70) 
is reflected into its counterpart (68) and this light is 
concucted to the photodetectors. The associated electronics 
takes the signal from the photodetectors and the signal from 
the density/contaminant probe and converts it to pounds of 


fuel remaining. 


The electro-optical densimeter/contaminant probe is 
shcwn in tbe lower portion of Fig. 58. This detector also 
employs Snell's Law of reflection/re£raction of liadht at an 
inclined optical interface (164) of a clear elongated lens 
(166) which has an aspherical end (168). A separate liquid 
chamber (172) fed by fluid from the bottom of th2 tank, is 
formed by the lens, its aspherical end, and the housing 
walls ОО) 3 LIght. enters | the атты сиацбе (7061/80) via a 
fiber-optic bundle (178). The light transmitted by the 
fiber-optic bundle will enter the air chamber in a spherical 
pattern. The aspherical end (168) has one radius of 
curvature іп the plane cf the figure and another in the 
plane of surface (164). Therefore, deut Stpeking (53) 
Will be directed to a focal point along surface (164) and/or 
to a focal pcint adjacent to the end of lens (166). This 
light will be either reflected and/or refracted at surface 
(164) so as to illuminate bundles (188), оо (132 Пао 
pundləs (196), (198), (200), ог (202). The licht received 
cruces (1995 (192), а), п, 52020), заа 
(202) will te indicative of density at one end and 
contamination at the otner end. Appropriate summing 
сысці стку will enable the proper electrical signal tc show 
density, cr warn of contamination such as too much water in 


the fuel. 
Since the operation of the densimeter/contaminant probe 


dees not require light -o be passed through the Zuel, fuel 


color does not affect the system. Discrimination between 


шо 
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Figure 53 - TOP: OPTICAL ПАПЕ ЕРЕ BOTTOM: 
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contaminants is a function of the optical fiber receiving 
the reflected/refracted light since different fibers will be 
illuminated as the contaminant level or density varies. 
Figure 59 shows a typical mechanization cf the system 
utilizing two probes per tank, (90) and (92), опе 
densimeter/contaminant probe per tank, (101), an electrical 
mili iplyinqç circuit, (106), summing EXPEULE, (134), 
ЕСО dual displays; (130) and (182, totalfdisplay, (138), 
densicy indicator? (142) contaminante display, (184), and 
calibraticn controls, (156) and (158). 


The system described above possesses Васа оса 


advantages over current capacitive systems. These are: 


(1) Probe and electronics provide manageable signal 
levels to minimize cabling and connector problens, 


enus increasing reliability. 


(2) The system is not an EMI source and is not 


susceptable to EMI generated by adjacent aquipmenr. 


(3 The prote is completely passive in the tank, 


minimizing active hardware. 


(4) The system is less susceptable to line leakage 


and stray capacitance. 
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ANALYSIS 


This system offers significant advantages over present 
fuel quantity systens. With the advances being made in 
fiber optics, there is no reason to doubt that this system 
will be cost competitive with current systems. Grumman has 
fabricated a lab version of the system, but has not tested 
fon om an aircraft. “Therefore, it should be flight tested 
before a meaningful evaluation can be made. There are 
questions still to be considered: (1) long-tera fuel probe 
corramination, (2) flight worthy densimeters ira ПЕ 
presently available, (3) a redundant low-power light source 
must be designed, and (4) the optical properties of fuels 


must be acquired. 
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IX. CONCLUSIONS 


Today's rapidly advancing technology makes it extremely 
difficult to predict what the status of prototype systems 
will be in the years to come. In many cases, systems that 
look promising today were proposed years ago but were 
shelved until technology could make them feasible. Hence, 
the conclusions given are based on the current status of 


development and the trends in appropriate technologies. 


(1) Ply-By-Wire aircraft will eventually replace 
conventional aircraft and will require 
redundant air data systems, posing difficult 


problems for the designer. 


(conventional aircraft should пе equipped 
with gust load alleviation systems, multi-mode 
controls, and in-flight engine monitoring systens 


or realize their full potential: 


(3) V/STOL aircraft must be equipped with an 
operational airspeed system capable of giving 
accurate, reliable longitudinal and lateral 
velocities in the takeoff/landing, hover, and 


transition regimas. 


та: = carrier Фа па ув о 5 О. 
aircraft must be developed if these aircraft are 
intended for all-weather operation from "sea 


control" type ships. 
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(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


(11) 


(12) 


Of the pressure transducers presented, the Solid 
State Silicon pressure sensor is the most 
attractive and is well suited for low cost higi 
output moderate accuracy pressure transducers 


and accelerometers. 


LORAS is the most promising low range airspeed 
System and should be instelled on helicopters and 
considered for future V/STOL aircraft. 


Laser Doppler Velocineter technology should be 
monitored closely: if it becomes feasible, 
it would be invaluable in V/STOL 


applications. 


Piber Optic canle will be competitive wirch 
twisted pair or coaxial cable in the very near 


future, 


The ALOFT project has verified the feasibility 
әр а fiber-optic interface in operational 
aircraft; süch an interface skould ре installed 


пи а аса сс таге б, 


RTDs offer significant advantages over 
thermocouples and should be utilized wherever 


possible. 


In-flight turbine blade temperature measurement 
and control should be possible using radiation 


pyrcmetry. 


The Hot Section Display concept is an example 
of what will be possible when state-of-the-art 
techniques are combined; designers shoulá consider 


these systems for future Naval aircraft. 
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